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ABSTRACT: The quality and value of the carcass 
in domestic meat animals are reflected in its protein 
and fat content. Preadipocytes and adipocytes are im-
portant in establishing the overall fatness of a carcass, 
as well as being the main contributors to the marbling 
component needed for consumer preference of meat 
products. Although some fat accumulation is essential, 

any excess fat that is deposited into adipose depots 
other than the marbling fraction is energetically un-
favorable and reduces efficiency of production. Hence, 
this review is focused on current knowledge about the 
biology and regulation of the important cells of adipose 
tissue: preadipocytes and adipocytes.
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INTRODUCTION

Feeding grain and increasing time on feed improve 
the palatability and acceptability of meat for the US 
consumer, primarily by increasing the amount of mar-
bling (e.g., Crouse et al., 1984). To circumvent the ob-
vious waste of resources and resultant inefficiency in 
production incurred by the overfattening of livestock, 
it has been the goal of animal scientists to understand 
the regulation of adipose tissue differentiation. Mar-
bling adipose tissue, also known as interfascicular or 
intramuscular adipose tissue, represents a unique de-
pot. It can be distinguished from other fat depots by 
its location within perimysial connective tissues along-

side myofibers (Moody and Cassens, 1968), as well as 
its unique pattern of metabolism. Marbling adipocytes 
typically display rates of fatty acid biosynthesis that 
are 5 to 10% of the rates observed in subcutaneous adi-
pose tissue (Hood and Allen, 1978; Smith and Crouse, 
1984). Intramuscular adipose tissue incorporates palm-
itic acid into storage lipids (triacylglycerols) at rates 
that exceed those in subcutaneous adipose tissue (Lin 
et al., 1992). The process of triacylglycerol biosynthesis 
is more sensitive to starvation in subcutaneous than 
in intramuscular adipose tissue (Smith et al., 1998a). 
Moreover, glucose contributes a greater proportion of 
carbon to fatty acid biosynthesis in intramuscular than 
in subcutaneous adipose tissue (Smith and Crouse, 
1984). These data consistently indicate that intramus-
cular and subcutaneous adipose tissues are metaboli-
cally distinct. This difference between adipose tissue 
depots are likely manifested at the cell level (preadi-
pocytes and adipocytes). Therefore, it is critical and 
timely to review adipocyte and preadipocyte biology 
and regulation in food production animals. This review 
primarily focuses on domestic meat animals and builds 
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upon several recent reviews (Houseknecht et al., 1998; 
Hausman et al., 2001; Azain, 2004; Kokta et al., 2004; 
Novakofski, 2004; Sillence, 2004; Fernyhough et al., 
2005, 2007; Jacobi et al., 2006; Rothschild et al., 2007), 
and research reports: Biology of Fat in Meat Animals, 
published first in 1976 (Allen et al., 1976) and updated 
in 1995 (Rule et al., 1995; Smith, 1995).

Cells of Adipose Tissue

Adipose tissue is a connective tissue of mesenchyme 
origin (Scanes, 2003) originating from parental cells 
similar to those that give rise to muscle cells, chondro-
cytes, or fibroblasts (Holtzer et al., 1975; Hausman et 
al., 1980; Gesta et al., 2007). Adipose tissue charac-
teristically possesses substantial blood vessels and as-
sociated nerves (Hausman et al., 1980; Crandall and 
DiGirolamo, 1990; Crandall et al., 1997; Hausman and 
Richardson, 2004), and the overall mass of adipose tis-
sue increases with age in meat animals but not in all 
birds (Cartwright, 1991; Owens et al., 1993; Hill et al., 
2003; Scanes, 2003).

The cells of adipose tissue appear to be dynamic; a 
renewed search for the origin of adipocyte progenitors 
has demonstrated high incidences of cellular plastic-
ity, even in adult adipose tissue (Fernyhough et al., 
2005, 2008; Schaffler and Buchler, 2007). Moreover, un-
der certain conditions, adipocyte progenitors may be 
recruited from the progenitor cell pools in the bone 
marrow (Gimble et al., 2006; Zeng et al., 2006) with 
the subsequent incorporation of bone marrow-derived 
adipocyte progenitor cells into adipose tissue (Crossno 
et al., 2006).

Although once thought of as simply providing insula-
tion or being a good “padding” material, adipose tis-
sue is quite dynamic and reactive—exerting an influ-
ence on the metabolism and functions of other body 
systems (Jacobi et al., 2006). Adipose tissue secretes 
or expresses many endocrine factors including leptin, 
a hormone that influences growth, metabolism, and 
behavior (Houseknecht et al., 1998; Barb et al., 2001; 
Spicer, 2001; Kokta et al., 2004; Macajova et al., 2004; 
Miner, 2004; Sillence, 2004; Trayhurn, 2005; Hausman 
and Hausman, 2006; Jacobi et al., 2006; Hausman et 
al., 2007; Wang et al., 2008a). The discovery that adi-
pose tissue is a major source of circulating regulatory 
compounds launched an era of intensive and multifac-
eted research, which continues to provide remarkable 
perspectives on adipocyte and preadipocyte biology 
and regulation.

Although mature adipose tissue contains various cell 
types, adipocytes predominate and are the primary 
storage site for excess energy in the form of triacylglyc-
erols (Azain, 2004). Excess energy is stored in adipo-
cytes to be used during times of negative energy bal-
ance (Nafikov and Beitz, 2007), including when feeding 
is restricted (Flier, 1995). Energy flow into and out of 
adipocytes is mediated by extrinsic regulators (Lee et 
al., 1994; Azain, 2004; Kokta et al., 2004; Louveau and 

Gondret, 2004; Mimbs et al., 2005). Because subcuta-
neous, internal, seam, and intramuscular adipose tissue 
depots are all economically and physiologically impor-
tant in meat animal production, deciphering the regu-
lation of each adipose depot may lead to new strategies 
of animal production. However, it appears that not all 
adipose depots within or between animals are similarly 
maintained or regulated (Hood and Allen, 1973; Allen, 
1976; Hood, 1982; Cianzio et al., 1985; May et al., 1995; 
Sillence et al., 2002; Albrecht et al., 2006; Fernyhough 
et al., 2007). This not only highlights the difficulties 
encountered in the thorough study of adipocytes, but 
also suggests that not all adipocytes are similar in form 
and function. Furthermore, cellular and functional adi-
pose depot-dependent traits are likely dictated by a 
combination of intrinsic (genetic) and extrinsic factors 
(Tchkonia et al., 2006, 2007).

Adipogenesis

Adipogenesis is an inclusive term describing the pro-
liferation, differentiation, and conversion of cells into 
lipid-assimilating cells found within fat tissue (Haus-
man et al., 2001; Kokta et al., 2004; Novakofski, 2004; 
Fernyhough et al., 2007). Adipogenesis is of importance 
to animal production due to the obvious ramifications 
of cost-effectively producing healthy animals that yield 
products with high consumer appeal (Mir et al., 2002, 
2008; Bergen and Mersmann, 2005; Dhiman et al., 2005; 
Givens, 2005).

From an Embryonic Mesodermal Cell to the 
Adipocyte. The embryonic development of mesoder-
mal cells to form committed preadipocytes/adipofi-
broblasts has been described (Otto and Lane, 2005). 
Cells within budding embryonic and fetal adipose tissue 
depots undergo adipogenesis in an asynchronous man-
ner (Hausman and Richardson, 2004), and postnatal 
adipocytes form more rapidly (as a function of avail-
able energy and regulation; Azain, 2004). Strategies to 
alter initial formation of adipose depots through the 
manipulation of embryonic mesodermal cells or initially 
formed preadipocytes/adipofibroblasts have been sug-
gested (McMillen et al., 2004; Mir et al., 2008).

To Proliferate or Differentiate? Traditionally, 
cells undergoing adipogenesis are thought of as being 
terminally differentiated when they express numerous 
cellular or molecular markers reflective of lipid assimila-
tion into storage triacylglycerol. There is some evidence, 
at least in cell culture, that suggests that mature adipo-
cytes containing considerable lipid may still proliferate 
(Figure 1, Fernyhough et al., 2005, 2007).These obser-
vations imply that the cellularity of an adipose depot 
may be a function of 3 different cell populations (Dod-
son and Fernyhough, 2008; Fernyhough et al., 2008). 
First, nondifferentiated stem cell cells may experience 
a transdifferentiation event to become preadipocytes, 
which possess the ability to accumulate lipid. Second, 
proliferative-competent preadipocytes from embryonic 
development that are found in adipose depots may add 
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conversion-competent cells to the enlarging adipose tis-
sue depot. Finally, mature cells may reinitiate prolifera-
tion and add new cells to the growing adipose tissue.

What Drives Adipogenesis? The fate of adi-
pocyte precursor cells depends on the convergence 
of multiple factors including adhesion of cells to the 
surrounding extracellular matrix (ECM) or to neigh-
boring heterologous and homologous cells, the mix 
of growth factors and endocrine environment, neural 

inputs, and the availability of macro- and micro-nu-
trients. The metabolic and morphological character-
istics acquired during adipocyte differentiation reflect 
increased downstream transcript activity from targets 
of the adipogenic transcription factors peroxisome pro-
liferator activated receptor (PPAR) and CCAAT-en-
hancer binding protein (C/EBP). Expression of other 
DNA binding proteins (Id), which form heterodimers 
with helix-loop-helix transcription factors, are modu-

Figure 1. Mature beef-derived adipocytes display the ability to revert to proliferative-competent cells in vitro. Panel A: phase contrast pho-
tomicrograph of mature adipocyte in vitro (20×). Panel B: same cell as in panel A, but after fixing and staining for Oil-Red-O uptake by lipid 
and using bright field microscopy (20×). The cell in panel B could not be propagated any longer due to the cell dying during the fixing/staining 
procedure. Panel C: 2 lipid-containing mature beef-derived adipocytes undergoing proliferation after a total of 8 d in culture and 24 h on a basal 
medium of Dulbecco’s modified Eagle medium (DMEM) + 10% FBS (40× magnification). Arrowhead and * mark the cells to allow following 
the cell through subsequent divisions. Panel D: after 48 h of exposure to DMEM + 10% FBS, the 2 mature cells had divided to produce 2 more 
daughter cells (*, arrowheads), possessing half the complement of lipid of the parental cell (20× magnification). Panels E-F: photomicrographs of 
a colony of proliferative adipofibroblast cells derived from the dedifferentiation of mature adipocytes in panel C. Each subsequent division of cells 
resulted in a decreased amount of detectable lipid in each daughter cell (*, arrowheads). Panels C-D: photomicrographs were taken with a Nikon 
inverted Diaphot microscope, equipped with Sony RGB (0.6 in chip) camera and Optix image analysis system (Meridian Instruments, Olympia, 
WA), and originally appeared in Fernyhough et al. (2005; used with permission). Daughter cells such as these may be expanded for use in com-
parative studies with other types of preadipocytes or stromal vascular cells, as well as to determine if they possess stem cell-like characteristics 
(Fernyhough et al., 2008).
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lated by histone methylation and preserve the stem cell 
state and prevent lineage determination (Iavarone and 
Lasorella, 2006). The Id proteins interact with cyclin-
dependent kinase inhibitors to maintain proliferation 
and with sterol regulatory element binding protein-1c 
(SREBP-1c) to suppress PPARγ and its downstream 
targets to inhibit differentiation (Moldes et al., 1999). 
Lineage specification of precursor cells is strongly mod-
ulated by both a cell and the ECM. The ECM adhesion 
molecules as well as adhesion signaling components 
change with adipose differentiation (Liu et al., 2005; Li 
and Xie, 2007). Adhesion likely remains important in 
differentiated adipose function in a variety of cell types 
(Murad et al., 2007). Also, the inflammatory changes 
of adipose tissue associated with obesity involve chang-
es in adhesion molecules and adhesion-related matrix 
proteases (Gil et al., 2007). The contemporary view 
of cells comprising adipose tissue is surprisingly com-
plex and includes multipotent mesenchymal stem cells, 
multipotent vascular progenitor cells, unipotent preadi-
pocytes, and endothelial progenitor cells. It is also ap-
parent these additional cell types may be depot-specific  
(Tchkonia et al., 2007).

Quantitative Assessment of Adipogenesis. 
Complex empirical computer models have proven use-
ful in predicting the effects of genotype and nutrition 
on growth and body composition in beef cattle, swine, 
and other species, as well as factors capable of simulat-
ing adipocyte development and metabolic fluxes of dif-
ferentiated adipocytes in a variety of species including 
rats, mice, sheep, pigs, humans, and cattle (Bywater 
et al., 1988; Di Marco and Baldwin, 1989; Sainz and 
Wolff, 1990). The DiMarco and Baldwin (1989) and 
Sainz and Wolff (1990) computer models represent lipo-
genesis and lipolysis in adipose explicitly, but adipocyte 
hyperplasia is not represented (Di Marco and Baldwin, 
1989; Sainz and Wolff, 1990). Similarly, the computer 
model by Hoch and Agabriel (2004) represents lipid ac-
cretion in cattle as a function of the rates of lipogenesis 
and lipolysis, with no regard for changes in cellularity.

Presently, there are intermediate computer models 
that incorporate mechanistic elements into empirical 
frameworks to improve their applicability over a wider 
range of intrinsic and extrinsic conditions. In the Davis 
growth model, a single DNA pool represents the number 
of cells (nuclei) in the body, and this in turn determines 
the rate of protein synthesis. The Davis growth model 
has been tested extensively (Barioni et al., 2006; Gar-
cia et al., 2007; McPhee et al., 2007a,b), is capable of 
simulating cattle growth and body composition under 
a wide range of conditions, and may be subsequently 
extended by adding explicit representations of hyper-
plasia and hypertrophy of adipocytes in 4 depots: vis-
ceral, intermuscular, subcutaneous, and intramuscular. 
However, additional research is needed to improve our 
quantitative understanding of the intrinsic and extrin-
sic factors that determine adipocyte hyperplasia and 
hypertrophy in different adipose depots.

Extrinsic Regulation

Adipocyte differentiation is under the regulation of 
multiple hormones and growth factors. These initiate 
intracellular signal transduction through cell surface or 
intracellular receptors expressed on preadipocytes. The 
requirement for hormones for the differentiation pro-
gram of the adipocyte is underscored by the need for 
serum in the differentiation media and in standard adi-
pogenic cocktails used in many in vitro models of adi-
pogenesis. A cocktail of serum, which supplies multiple 
hormones and growth factors, insulin, glucocorticoids 
(often dexamethasone), and isobutylmethylxanthine is 
sufficient for the differentiation of 3T3-L1 cells (Ferny-
hough et al., 2007). Hormonal stimulation of preadipo-
cytes leads to an increase in the level of intracellular 
cyclic adenosine monophosphate (cAMP), which is 
considered a prerequisite for initiating differentiation. 
In 3T3-L1 preadipocytes the differentiation cascade is 
marked by a sequential expression of the α, β, and δ 
isoform of C/EBP (Fujimoto et al., 2005). The expres-
sion of C/EBP β and δ expression occurs within 24 to 
48 h following addition of the differentiation cocktail 
to 3T3-L1 cells (Fujimoto et al., 2005). The initial ap-
pearance of C/EBP β and δ appears to be necessary for 
the appearance of 2 downstream transcription factors, 
C/EBPα and PPARγ, which are involved in the late 
stages of the differentiation program (Farmer, 2005; 
Rosen, 2005). The appearance of PPARγ and C/EBPα 
ensures the maintenance of the differentiated state of 
the adipocytes, and the 2 transcription factors recip-
rocally regulate each other (Rosen, 2005). Although 
C/EBP β and δ are responsible for the induction of 
PPARγ, SREPB proteins are also involved regulation 
PPARγ expression (Otto and Lane, 2005). However, 
there is apparent species variation in the temporal pat-
tern of appearance of these transcription factors. In rat, 
pig, and human stromal vascular (SV) cell culture, the 
presence of both the mRNA and protein of PPARγ and 
C/EBPα, β, and δ has been confirmed very early after 
isolation (Tchkonia et al., 2002; Tomlinson et al., 2006). 
Additionally, bovine SV cells also express PPARγ and 
C/EBPβ mRNA despite the absence of adipogenic in-
duction (Hirai et al., 2007a,b). In contrast to 3T3-L1 
cells, cultures of SV cells and fetal tissue indicate a 
lack of temporal demarcation of expression of CEBP 
α, β, and δ such that these are concurrently or stably 
expressed in both the undifferentiated and the full dif-
ferentiated states (Tomlinson et al., 2006; Hirai et al., 
2007a,b). It is possible that an in vivo environment, re-
plete with hormones and other endogenous adipogenic 
factors, may have preprogrammed SV cells to express 
these transcription factors early in culture and with a 
pattern that differs from that observed in 3T3-L1 cells 
(Fernyhough et al., 2007).

Insulin/IGF-1. Adipocyte differentiation may be 
induced by both IGF-1 and insulin. However, because 
preadipocytes express very few insulin receptors, adi-
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pogenic response to insulin is thought to be due to the 
transactivation of the IGF-1 receptor by insulin at the 
supraphysiological concentrations (Holly et al., 2006; 
Fernyhough et al., 2007). Responsiveness to insulin and 
the abundance of insulin receptors increases dramati-
cally as the cells undergo terminal differentiation to 
adipocytes (Shimizu et al., 1986). Primary SV cells ex-
press the IGF-1 receptor (Chen et al., 1995), which 
increases preadipocyte replication (Wright and Haus-
man, 1995) and differentiation in some adipogenic cell 
lines (Boney et al., 1994) and primary SV cell cultures 
(Richardson et al., 1998). The IGFBP can modulate the 
function of IGF-1 on adipocyte differentiation. In pig 
and rabbit SV cultures, expression of IGFBP is regulat-
ed by adipogenic and antiadipogenic hormones (Chen 
et al., 1996), and accumulation of IGFBP-1 in develop-
ing porcine adipose tissue correlates with a significant 
suppression of cell proliferation. The IGF-1 stimulates 
both proliferation and differentiation in the 3T3-L1 
cells (Boney et al., 2000). Available evidence also indi-
cates that IGF-1 may effectively regulate preadipocyte 
development in pigs and humans. However, serum in-
sulin concentrations in the pig are less than are IGF-1 
concentrations (Sillence and Etherton, 1987), and por-
cine and human preadipocytes in primary culture also 
express and secrete IGF-1 and IGFBP (Wabitsch et al., 
2000; Hausman et al., 2002).

GH. Also known as ST, GH is a major regulator 
of IGF-1 expression in preadipocytes (Wabitsch et al., 
1996). However, its effect on adipocyte differentiation 
is dependent on cell type. Whereas GH stimulates adi-
pogenesis in 3T3-F442A preadipocytes by priming the 
cells for the proliferative effect of IGF-1 (Guller et al., 
1991), addition of GH to primary rat preadipocytes in 
serum-free conditions indicates that GH reduces the 
formation of new fat cells and the expression of ma-
ture adipocyte markers, despite its stimulation of IGF-
1 expression and proliferation of cells. Therefore, the 
induction of IGF-1 by GH may not be sufficient for it 
to stimulate adipogenesis. Differences in the ECM envi-
ronment of primary preadipocytes and clonal cell lines 
may partly be responsible for differences in response to 
GH. The overall effect of GH on adipocyte differentia-
tion, or differentiation of any other cell in muscle (Allen 
et al., 1986; Dodson et al., 1987; Molnar and Dodson, 
1993), may be a proliferative effect, which is mediated 
by IGF-1 (Wabitsch et al., 1995). However, GH is a 
strong lipolytic hormone, which may cause a net reduc-
tion in adipose mass even though it enhances IGF-1 
action (Duquette et al., 1984; Hart et al., 1984).

Glucocorticoids. Dexamethasone is a synthetic 
glucocorticoid, which induces the differentiation of 
primary preadipocytes from multiple species [(hu-
mans, pigs, rabbits, rats, and mice); Reyne et al., 1989; 
Hauner et al., 1989; Gregoire et al., 1991; Litthauer 
and Serrero, 1992; Suryawan et al., 1997] and aneuploid 
preadipocyte cell lines (Gaillard et al., 1991). Multiple 
mechanisms are responsible for the stimulatory effect 
of glucocorticoid on adipogenesis. First, glucocorticoids 

such as dexamethasone downregulate the expression of 
preadipocyte factor-one (Pref-1; Smas et al., 1999), a 
plasma membrane protein that inhibits differentiation 
(Sul et al., 2000). Deiuliis et al. (2006) also described 
the identification of the Pref-1 gene in the pig. In agree-
ment with data from 3T3-L1 preadipocytes, Pref-1 is 
highly expressed in the SV fraction of digested pig adi-
pose tissue relative to mature adipocytes and in adipose 
tissue from fetal pig tissues relative to adipose tissue 
from mature pigs (Deiuliis et al., 2006). This suggests 
that Pref-1 may also be a negative regulator of adi-
pocyte differentiation and adipose tissue development 
in the pig as well. Because an increase in intracellular 
cAMP precedes adipocyte differentiation, glucocorti-
coids are thought to stimulate adipocyte differentiation 
by stimulating increased conversion of arachidonic acid 
to prostacyclin, which leads to increased cellular cAMP 
content (Ailhaud et al., 1992). Additionally, glucocor-
ticoids enhance adipocyte differentiation by stimulat-
ing the expression of C/EBP-δ which may promote the 
dimerization of C/EBP-δ-C/EBP-β and expression of 
PPARγ (Wu et al., 1996).

Thyroid Hormone. Considerable evidence is avail-
able to suggest that thyroid hormone (T-3) plays only 
minimal role in adipogenesis (Ramsay, 1985; Deslex et 
al., 1987; Hausman, 1989). As suggested by Hausman 
(1989) stimulation of adipocyte differentiation by T-3 
in serum containing media could be dependent on oth-
er hormones or growth factors. For example, IGF-1 is 
elevated in pig serum, whereas insulin concentrations 
are decreased (Martin et al., 1984; Sillence and Ether-
ton, 1987), which could cause interactions between T-3 
and IGF-1 to promote adipocyte differentiation in pigs 
(Ramsay, 1985).

Other Hormones and Growth Factors. Growth 
factors such as epidermal growth factor and transform-
ing growth factor (TGF) inhibit adipose tissue devel-
opment. The TGF family inhibits differentiation of 
3T3-F442A cells and rat preadipocytes (Luetteke et 
al., 1993; Serrero and Lepak, 1996). Epidermal growth 
factor also suppresses adipogenic conversion of mouse, 
rat, and human preadipocytes (Vassaux et al., 1994; 
Hauner et al., 1995; Serrero and Lepak, 1996), whereas 
TGFβ is a potent inhibitor of adipocyte differentiation 
(Sparks et al., 1992). A possible mechanism for TGFβ 
inhibition of adipocyte differentiation may be its stimu-
lation of increased ECM component synthesis (Heino 
and Massague, 1990). However, whether TGFβ directly 
suppresses adipocyte differentiation may be dependent 
on the temporal expression of TGFβ during adipogen-
esis. Others have shown that TGFβ blocks early but 
not late differentiation-specific gene expression and 
morphologic differentiation of 3T3-L1 cells (Sparks et 
al., 1992). Tumor necrosis factor α causes adipocyte in-
sulin resistance and suppresses mature adipocyte phe-
notype via multiple mechanisms, including suppression 
of PPARγ or C/EBP-β (Kita et al., 2005), through 
JNK activation (Kim et al., 2005), or a combination of 
these. Alone, tumor necrosis factor α causes adipocyte 
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lipolysis (Ryden et al., 2004) and dedifferentiation that 
involves stimulation of preadipocyte genes (Ruan et al., 
2002). Other regulators of adipocyte metabolism in-
clude the prostaglandins, which may promote or inhibit 
adipogenic conversion depending on the type of prosta-
glandin. For example, PG-D2 and its 15-deoxy-J2 de-
rivatives stimulate adipogenesis, perhaps via acting as 
PPARγ ligands (Kliewer et al., 1995), whereas PGF2α 
represses adipogenic conversion of preadipocytes of var-
ious preadipose cell lines and primary rat preadipocytes 
(Negrel et al., 1981; Vassaux et al., 1994). Prostacyclin 
also promotes adipogenesis perhaps because it is able 
to activate the 3 PPAR isoforms (α, γ, and γ; Brun et 
al., 1996; Hertz et al., 1996).

Nutritional Regulation of Adipocytes

Nutrients affect adipocyte size, although they may 
also have an impact on adipose precursor differentia-
tion by effects on mammalian target of rapamycin or 
glycogen synthase kinase as discussed elsewhere in the 
review. The impacts of macro- and micro-nutrients are 
numerous and also mediated by other regulatory sys-
tems.

Adipose Tissue Fatty Acid Composition. 
Chemically, fatty acids may be classified into 3 catego-
ries: SFA, MUFA, and PUFA. The most common SFA 
in meat products are myristic acid (14:0), palmitic acid 
(16:0), and stearic acid (18:0). Major MUFA include 
palmitoleic acid (16:1n-7) and oleic acid (18:1n-9), and 
major PUFA include linoleic acid (18:2n-6), linolenic 
acid (18:3n-3), and arachidonic acid (20:4n-6). Ani-
mal products are the main source of saturated fat in 
the human diet (Arab, 2003; Givens, 2005), and meat 
products with altered fatty acid profiles are considered 
value-added products in the marketplace. In addition 
to a reduction in the saturated:unsaturated fatty acid 
ratio, also known as the atherogenic index, interest in 
health-promoting lipids is growing. In particular, alter-
ing the oleic acid, linolenic acid, n-3, or CLA content 
of animal products has been suggested as a means to 
create healthier animal products. Because of biohydro-
genation in the rumen, it is easier to change the fatty 
acid profile of pork by simple dietary means than beef. 
However, both can be manipulated (Raes et al., 2004). 
Although animal products with greater linolenic acid, 
or n-3, content may be desirable, the impact of these 
fatty acids on product quality is a concern due to the 
greater potential for oxidative damage, off-flavors, and, 
at least in pork, the effect on carcass firmness.

Exogenous Fatty Acids. The effects of dietary fat 
on adipose tissue have been reviewed previously (Azain, 
2004). In practical diets, fat is added at less than 10% 
and typically less than 5% of the diet, for both rumi-
nants and nonruminants. Dietary fat provides a sub-
strate for lipid filling in adipocytes, but also has the 
potential to regulate adipocyte development (Ailhaud 
et al., 2006). In pigs and other nonruminants, dietary 
fat inhibits de novo fatty acid synthesis (DNL) and 

alters the fatty acid profile of adipose and other tis-
sues such that it reflects the profile in the diet (Mourot 
and Hermier, 2001). Feeding unsaturated fat results in 
greater levels of unsaturation of lipids found in sub-
cutaneous and intramuscular adipose tissue. Thus, it 
is possible to alter the fatty acid profile of pork such 
that it contains less saturated fat and greater amounts 
of n-3 or other PUFA (Irie and Sakimoto, 1992; Ro-
mans et al., 1995; Leskanich et al., 1997). The concern 
with such manipulation, however, is the potential nega-
tive impact on shelf-life or flavor (Van Oeckel et al., 
1997; Wood and Enser, 1997). Recent studies in pigs 
fed linseed or fish oil before slaughter has not shown 
significant differences in fat oxidation in products with 
greater PUFA content (Corino et al., 2008; Haak et al., 
2008). Whereas changes in shelf-life may not be an is-
sue, the cost to produce animal products with improved 
or altered fatty acid profiles should be compared with 
consumer willingness to purchase premium products 
and the overall impact on the human diet. For example, 
Haak et al. (2008) compared the fatty acid profiles of 
muscle in pigs fed diets with animal fat, linseed (source 
of linolenic acid), or fish oil for the last 6 to 17 wk 
before slaughter. Total linolenic acid content per 100-
g serving increased from 8 mg in tissue from pigs fed 
animal fat or fish oil to 19 mg in tissue from pigs fed 
linseed. Content of DHA + EPA was 5 mg/serving in 
the animal fat group and increased to 11 and 43 mg/
serving with linseed and fish oil feeding, respectively. 
Similar observations were made by Corino et al. (2008) 
in pigs fed extruded linseed oil. Loin muscle content of 
linoleic acid increased from 9 mg/serving in the control 
group to approximately 30 mg in tissue from pigs feed 
diets with 5% extruded linseed for 4 to 10 wk before 
slaughter. Considering the American Heart Association 
recommendations (Kris-Etherton et al., 2002) for daily 
intake of linolenic acid are 1.5 to 3.0 g/d and those 
for EPA + DHA are in the range of 0.5 to 4 g/d, the 
impact of these changes on the total daily intake of n-3 
fatty acids is minimal.

The effects of dietary fat on tissue fatty acid profiles 
are less clear in cattle and other ruminants. In contrast 
to nonruminants, rumen biohydrogenation makes the 
alteration of tissue fatty acid profiles more of a chal-
lenge. Biohydrogenation is particularly effective with 
18-carbon fatty acids (linoleic and linolenic) that pre-
dominate in plant oils, but is less effective on longer 
chain PUFA, such as those found in fish oils (Scollan et 
al., 2001; Raes et al., 2004). Raes et al. (2004) reviewed 
studies that resulted in reductions in the n-6/n-3 ratio 
of lamb and beef as a result of feeding fish oil or fish 
meal (Raes et al., 2004). Whereas it is possible to alter 
the n-6/n-3 ratio in beef and lamb, the ratio of PUFA 
to SFA, which is less in ruminants (<0.10) than in pork 
(0.3 to 0.5), is resistant to changes due to diet (Raes et 
al., 2004).

Presently, there is interest in producing grass-fed 
beef, which indirectly represents an alteration of di-
etary fatty acid profile due to the increased content of 

Biology of adipocytes and preadipocytes 1223

 at USDA ARS NAA Library on May 19, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


PUFA in forage. Beef from grass-feeding has less IMF 
and greater PUFA content than that of animals finished 
on concentrate diets (Leheska et al., 2008). Content of 
n-3 PUFA in grass-fed beef, expressed relative to total 
fatty acids, increased 5-fold relative to that from con-
ventional production (1.07 vs. 0.19%). However, when 
one considers the reduction in total fat content (2.8 vs. 
4.4%), the contribution per serving increases from less 
than 8 mg/serving to only 30 mg/serving.

Across meat animal species, a general observation is 
that as fat is added to the diet, DNL decreases. Nu-
merous rodent studies demonstrate that PUFA have 
a greater ability to inhibit de novo lipogenesis than 
do SFA (Herzberg and Rogerson, 1988; Clarke, 2001). 
This is also observed in poultry (Sanz et al., 2000), 
but not in pigs (Smith et al., 1996) or cattle (Page et 
al., 2007), whereby the SFA source may have poten-
cies that are similar or greater than those seen with 
unsaturated fat. Whereas dietary fat inhibits DNL, but 
not triacylglycerol synthesis, the effects are less clear 
on the overall rate of carcass fat deposition. Depend-
ing on the type of fat and how the diets are balanced 
for other nutrients, carcass fat has been shown to be 
either unchanged or greater in response to dietary fat 
in pigs (Pettigrew and Moser, 1991), poultry (Donald-
son, 1985), and cattle (Zinn, 1989; Felton and Kerley, 
2004). Fatty acids influence adipogenesis as precursors 
for the eicosanoids, as well as regulators of transcrip-
tion. The effects of fatty acids seen in vitro or in rodent 
studies on adipogenesis have generally not been seen 
in livestock in response to feeding these same fats in 
vivo (Azain, 2004). As an example, there were no sig-
nificant changes in gene expression in adipose tissue of 
young pigs feed fish oil, despite clear changes to vitro 
systems (Ding et al., 2000, 2003; Liu et al., 2005). The 
biohydrogenation of dietary fat in ruminants makes it 
even less likely that these fatty acids can affect adipose 
development in vivo. Nonetheless, the concentration of 
SFA can be decreased, and MUFA can be increased by 
gram quantities (e.g., Chung et al., 2006a), so changing 
these fatty acids in pork, beef, and lamb may have a 
significant impact on the nutritional value of meat.

CLA. Conjugated linoleic acid is one group of fatty 
acids that can have profound effects on adipose tis-
sue. They were initially identified as anti-carcinogenic 
agents found in ground beef (Pariza and Hargraves, 
1985), containing primarily the cis-9, trans-11 isomer. 
This isomer is an intermediate in the biohydrogenation 
pathway of converting linoleic acid (also α-linolenic 
acid) to stearic acid by rumen microorganisms (Kepler 
et al., 1966). Some CLA is absorbed by the small intes-
tine, but the predominant source of cis-9, trans-11 CLA 
is Δ9-desaturation of vaccenic acid (C18:1 trans-11; 
Piperova et al., 2002). Commercially produced CLA is 
a mix of many isomers with the 2 most prevalent being 
cis-9, trans-11 and trans-10, cis-12 and has been report-
ed to have many health benefits, including anti-obesity 
effects (Mir et al., 2004). The anti-obesity effects of 

CLA have been attributed solely to the trans-10, cis-12 
isomer (Hargrave et al., 2002).

Primarily the cis-9, trans-11 isomer of CLA is present 
in small quantities (~0.5 to 1% of total fatty acids) in 
ruminant fat (Wynn et al., 2006; D’Urso et al., 2008), 
but pasture feeding has proven to be an excellent meth-
od of increasing the CLA content in adipose tissue and 
muscle of beef (Mir et al., 2004; Noci et al., 2005), as 
well as in milk fat (D’Urso et al., 2008; Khanal et al., 
2008). The dietary addition of high-PUFA oils such as 
sunflower, soybean, linseed, or fish oils also increases 
the production and incorporation of vaccenic acid and 
cis-9, trans-11 CLA in ruminants (Chouinard et al., 
2001; Mir et al., 2002; Sackmann et al., 2003; Bouat-
tour et al., 2008). Ruminants fed rumen-protected, or 
abomasally infused, CLA have increased concentra-
tions of CLA in meat (Gillis et al., 2004; Wynn et al., 
2006), and milk (Loor and Herbein, 1998; Chouinard 
et al., 1999), with the CLA isomer profile in the meat 
reflecting the profile of the supplemented source. The 
fatty acid profiles of monogastric species are easier to 
manipulate because they incorporate dietary fatty ac-
ids readily, and a mixed isomer preparation of CLA 
has successfully been incorporated into the tissues of 
broiler chickens (Badinga et al., 2003), pigs (Demaree 
et al., 2002), and several fish species (Kennedy et al., 
2007; Valente et al., 2007a,b), resulting in detectable 
concentrations of both cis-9, trans-11 and trans-10, 
cis-12 CLA. Unfortunately, use of CLA as a feed ad-
ditive is currently not approved for food animals. Es-
timated costs for feed-grade CLA oil are likely to be 
5-fold greater than current prices for other fats, so the 
cost of supplementing CLA into animal diets may be 
prohibitive. As with n-3 fatty acids, feeding CLA to 
nonruminants might increase meat quality, but given 
the target intake of 3 to 5 g/d that is the extrapolated 
dose needed to reproduce the anti-carcinogenic effects 
seen in rodents (Ip et al., 1994), the overall impact of 
CLA-enriched pork on the total daily consumption of 
this class of fatty acids is minimal (Azain, 2004).

The other primary reason for CLA supplementation 
to livestock is for its fat-reducing properties (Mir et al., 
2004). Conjugated linoleic acid is often supplemented as 
a mixed isomer preparation, but only the trans-10, cis-
12 isomer of CLA possesses these anti-obesity effects, 
which have been most consistent in rodents (Navarro 
et al., 2003), although decreases in body fat have also 
been observed in meat animal species including chick-
ens (Szymczyk et al., 2001) and rabbits (Corino et al., 
2002). These changes in body composition appear to 
involve repartitioning of energy stores away from body 
fat and toward lean muscle mass (Azain, 2003). Addi-
tionally, CLA-fed pigs have been reported to have less 
backfat but more intramuscular fat or marbling (Dugan 
et al., 1997). These results have not been consistent, 
however, and may depend upon sex, BW, genetics, de-
gree of fatness of the pigs, or a combination of these 
(Azain, 2003). Interestingly, CLA supplementation of 
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ruminant animals has not resulted in altered body fat 
stores (Gillis et al., 2004; Wynn et al., 2006), but re-
portedly reduced the percentage of milk fat (Baumgard 
et al., 2000, 2002). This effect appears to be due to the 
inhibition of DNL in the mammary gland due to the 
prevention of SREBP-1c (Bauman et al., 2008).

The mechanism by which CLA alters body fat is 
largely unknown, but several potential pathways have 
been identified in rodent or in vitro models. Briefly, 
CLA causes a negative energy balance by reducing ener-
gy intake, increasing energy excretion, and stimulating 
energy expenditure via heat loss. These changes appear 
to be the result of altered fatty acid turnover. In ad-
dition, CLA causes increased lipolysis and β-oxidation 
and inhibits fatty acid synthesis and uptake. Many of 
these actions appear to be induced through altered gene 
expression, caused by the activation of the mitogen-
activated protein kinase kinase/extracellular regulated 
kinase, PPARγ, and mammalian target of rapamycin 
signaling pathways. Furthermore, CLA blocks adipose 
tissue development by inhibiting preadipocyte prolif-
eration and differentiation, inducing de-differentiation 
of mature adipocytes, and stimulating programmed cell 
death of adipogenic cells (House et al., 2005).

Experiments with pigs or porcine cells have not all 
been consistent with the results outlined above. For ex-
ample, adipose tissue from pigs did not respond to CLA 
treatment with increased lipolysis (Jose et al., 2008), 
although this may be an effect of the base diet because 
CLA-induced lipolysis was detected only in mice fed 
low PUFA diets (Hadenfeldt et al., 2005). The effect 
of CLA on porcine cells in vitro has not corresponded 
with mouse or human cells. Indeed, CLA did not affect 
proliferation of porcine primary SV cells (McNeel and 
Mersmann, 2003; Zhou et al., 2007), and Ding et al. 
(2000, 2002) reported increased differentiation in CLA-
treated porcine primary cultures. This effect may be 
depot-specific as porcine SV cells isolated from sub-
cutaneous adipose tissue responded to CLA treatment 
with reduced adipocyte-specific gene expression and 
lipid accumulation, but SV cells isolated from intra-
muscular adipose tissue had greater adipocyte gene ex-
pression following CLA treatment (Zhou et al., 2007). 
A likely mechanism by which CLA influences preadi-
pocyte differentiation is by interacting with PPARγ. 
Analysis with transfected porcine cells indicates that 
CLA isomers activate PPARγ, as measured by reporter 
assays and increased target gene expression (Ding et 
al., 2000; Belury et al., 2002). This is in contrast to 
results obtained with 3T3-L1 cells, where CLA prevent-
ed ligand-induced activation of PPARγ (Brown et al., 
2003; Granlund et al., 2003). Interestingly, the PPARγ 
protein is normally found almost exclusively in adipose 
tissue (Chawla and Lazar, 1994); therefore, an increase 
in PPARγ expression in muscle of pigs that may play 
a role in increased intramuscular fat (Meadus et al., 
2002). Clearly, further research in CLA-altered fat 
stores in livestock species is needed. An understanding 

of the mechanism(s) of action of CLA isomers would 
also provide key insight into adipose tissue regulation 
in general.

Other Compounds. An exciting area of research 
has been initiated whereby other nutrients have shown 
potential in altering the cellularity of adipose depots. 
For example, feeding diets low in vitamin A or vitamin 
A restriction for long periods in beef and dairy steers 
increased intramuscular or marbling adipose deposition 
without influencing other adipose depots (Gorocica-
Buenfil et al., 2007a,b,c). Intramuscular fat cell size 
was not influenced by dietary vitamin A, whereas an 
apparent increase in intramuscular fat cell number was 
observed. These studies indicate that feeding low vi-
tamin A diets for long periods may represent a viable 
way to enhance intramuscular fat or marbling deposi-
tion because yield grade, animal health, feedlot per-
formance, and carcass weight were not adversely in-
fluenced (Gorocica-Buenfil et al., 2007a,b). However, a 
recent study of long-term vitamin A restriction in beef 
cattle failed to show an influence on marbling deposi-
tion (Gorocica-Buenfil et al., 2008). Therefore, further 
study is necessary to evaluate the reproducibility of the 
influence of low vitamin A diets on marbling fat deposi-
tion. Similarly, research on other (potential) bioactive 
compounds is needed in the future.

Modifiying Fatty Acid Composition During 
Adipocyte Differentiation. Fatty acids endog-
enously expressed in adipocytes have a profound effect 
on beef quality and nutritional value. This is especially 
true for oleic acid (18:1n-9). Early research demonstrat-
ed that the concentration of oleic acid in beef is posi-
tively correlated with overall palatability (Waldman 
et al., 1968; Westerling and Hedrick, 1979). This may 
be related to fat softness because beef lipids enriched 
with oleic acid have lower melting points (Smith et al., 
1998b; Wood et al., 2004; Chung et al., 2006b). There 
also is a growing body of information to indicate that 
increasing the intake of oleic acid (usually as olive or 
canola oil) reduces risk factors for metabolic disease in 
human subjects (Grundy et al., 1988; Kris-Etherton et 
al., 2002). Oleic acid is the most abundant fatty acid 
in US beef (Waldman et al., 1968; Westerling and He-
drick, 1979), and it is especially elevated in beef from 
Japanese Black (Sturdivant et al., 1992) and the closely 
related American Wagyu (May et al., 1993; Chung et 
al., 2006b) and Korean Hanwoo (Jung and Choi, 2003). 
Stearic acid (18:0) is 1 of the 2 primary fatty acids (the 
other being palmitic acid, 16:0) that dictate fat hard-
ness (Smith et al., 1998b; Wood et al., 2004; Chung et 
al., 2006b), so any dietary or production factor that 
increases the conversion of stearic acid to oleic acid will 
increase fat softness. The enzyme responsible for the 
conversion of all SFA to their respective MUFA, as well 
as trans-vaccenic acid to rumenic acid (cis-9, trans-11 
CLA), is ∆9 desaturase.

In the United States, there is no economic incentive 
to produce beef that has greater oleic acid content. Un-
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der the USDA beef grading system, carcass value is 
determined primarily by the abundance of marbling ad-
ipose tissue (USDA, 1997). However, in Japan, fat soft-
ness, whiteness, and marbling abundance all are impor-
tant components of beef carcass quality grade (JMGA, 
1988). The Japanese beef export market is worth sever-
al billion dollars, so investigators in the United States, 
Korea, and Australia are focusing their research on the 
modifying ∆9 desaturase catalytic activity.

In cattle and pigs, ∆9 desaturase catalytic activity is 
especially high in subcutaneous adipose tissue (Smith, 
1995). Over 20 yr ago, Casimir and Ntambi (1996) 
demonstrated that expression of the ∆9 desaturase 
gene, stearoyl-CoA desaturase (SCD), increases imme-
diately preceding lipid filling in murine 3T3-L1 cells. 
Virtually identical results have been demonstrated for 
bovine preadipocytes (Figure 2; Chung et al., 2006a) in 
which SCD mRNA was undetectable in pre-confluent 
cells but highly abundant after 7 d of exposure to in-
sulin ± pioglitizone. The SCD gene expression was de-
pressed slightly by dexamethasone (PDMI in Figure 2) 
and by high concentrations of rumenic acid. However, 
even very low concentrations of trans-10, cis-12 CLA 
depressed SCD gene expression, which was reflected 
in a large reduction in the synthesis of MUFA by the 
preadipocytes (Chung et al., 2006a).

Fatty Acid Composition of Adipose Tissue at 
Different Stages of Growth in Beef Cattle. Adi-
pose tissue fatty acids typically become less saturated 
between weaning and slaughter in cattle that are fed a 
corn-based diet (Huerta-Leidenz et al., 1996; Chung et 
al., 2006b). The MUFA:SFA ratio increases from 0.66 
to 0.86 between weaning and 16 mo of age, primarily 
due to an increase in oleic acid (S. B. Smith, unpub-
lished data). There is no increase in the MUFA:SFA 
ratio between weaning and 12 mo of age in cattle fed 
pasture-based diets. The lesser MUFA:SFA ratio in pas-
ture-fed steers, relative to corn-fed steers, suggests that 

some component of pasture diets causes a depression in 
∆9 desaturase activity. This was demonstrated in sheep 
fed concentrate- and forage-based diets (Daniel et al., 
2004). There was a greater accumulation of oleic acid 
and a greater ratio of SCD to acetyl-CoA carboxylase 
mRNA in adipose tissue of concentrated-fed sheep than 
in forage-fed sheep. There is a possibility that forage 
diets depress SCD gene expression through an eleva-
tion of trans-10, cis-12 CLA during forage or pasture 
feeding.

In many breed types, there is a nearly linear increase 
in marbling (or intramuscular lipid) with time on a 
finishing diet (Figure 3), consistent with an increase in 
adipose tissue MUFA and ∆9 desaturase activity. Mea-
suring ∆9 desaturase activity in animals is technically 
difficult and requires large quantities of adipose (up 
to 50 g; Yang et al., 1999). Although smaller quanti-
ties can be used, such as that obtained from dissection 
of marbling adipose tissue (Archibeque et al., 2005), 
the degree of accuracy is reduced greatly. A relatively 
accurate and reproducible estimator of ∆9 desaturase 
catalytic activity is the ratio of palmitoleic acid (16:1n-
7) to stearic acid (Figure 4; Smith et al., 2006). There 
is virtually no palmitoleic acid in the diets of livestock 
species, and its presence in adipose tissues or beef is 
dependent entirely on endogenous synthesis. American 
Wagyu or Angus cattle fed high-corn diets have high 
∆9 desaturase activity (Chung et al., 2007) and high 
palmitoleic:stearic acid ratios (Figure 4).

Expression of the SCD gene increases profoundly 
between weaning and 12 mo of age in subcutaneous 
adipose tissue of Angus steers (Figure 5; Martin et al., 
1999). Similarly, Lee et al. (2005) observed peak SCD 
mRNA at 12 mo of age in muscle from Hanwoo steers. 
∆9 Desaturase activity appears to be essential for sub-
sequent development of lipogenic capacity of subcuta-
neous adipose tissue in growing steers. A MUFA:SFA 
ratio of nearly 1.2 can be achieved in Angus steers fed 

Figure 2. Stearoyl-CoA desaturase gene expression in bovine preadipocytes at confluence (PRE); differentiated in the presence of 5 µM pio-
glitizone, 10 µg/mL of insulin, and Dulbecco’s modified Eagle medium (PI); or differentiated with PI plus 1 µg/mL of dexamethasone (PDMI). 
In lanes 4 to 10, preadipocytes were differentiated for 7 d with PI in the presence of cis-9, trans-11 or trans-10, cis-12 CLA. Derived from data in 
Chung et al. (2006a). Lipid filling and the synthesis of MUFA also were depressed by trans-10, cis-12 CLA but not cis-9, trans-11 CLA (Chung 
et al., 2006a).
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a hay-based diet for 16 mo postweaning to 24 mo of age 
(Chung et al., 2006b). However, cattle fed in Australia 
in excess of 400 d achieved a MUFA:SFA ratio of only 
0.77, and stearic acid is markedly elevated in their adi-
pose tissue lipids (Smith et al., 1998b). Japanese Black 
cattle fed roughage/grain diets can attain MUFA:SFA 
ratios approaching 2:1 (Sturdivant et al., 1992; Chung 
et al., 2006b), consistent with the genetic predisposition 
of this breed type to have greater adipose tissue SCD 
gene expression than conventional breed types (Chung 
et al., 2007).

Influence of Adipocytes on Other Tissues

Adipose tissue is an endocrine organ in which adi-
pocytes secrete several factors that affect other tissues 
(Kokta et al., 2004). Regulatory release mechanisms, 
action at the level of target tissues or cells, and system-
ic impact are presently being defined in meat animals. 
This area of research is expected to provide significant 
knowledge regarding the importance of preadipocytes 
and adipocytes.

Adiponectin. Adiponectin is secreted primarily by 
adipocytes in many species including the pig (Lord et 
al., 2005; Dai et al., 2006). Adiponectin circulates at 
elevated (μg/mL) serum concentrations (Hotta et al., 
2000, 2001) as a trimer, hexamer, high molecular weight 
multimer, and as a carboxyl terminal cleavage peptide 
(globular form; Kobayashi et al., 2004) and exhibits 
structural homology with collagen VIII and X and 
complement factor C1q. Recently, 2 different receptors 
for adiponectin, AdipoR1 and AdipoR2 (Yamauchi et 
al., 2003), were identified and are expressed in pig adi-
pocytes (Dai et al., 2006). Adiponectin suppresses the 
incorporation of glucose carbon into lipid in primary 
pig adipocytes (Jacobi et al., 2004). Recently, Hu et al. 
(2007a) determined that administration of recombinant 
adiponectin to diabetic swine improved insulin sensitiv-
ity and enhanced glucose clearance.

Leptin. As with adiponectin, leptin is produced pre-
dominantly in the adipose tissue (Zhang et al., 1994; 
Bidwell et al., 1997; Ramsay et al., 1998). It is secreted 
into the blood and thereafter reaches a myriad of target 
cells in the brain and peripheral tissues. Leptin acts 
somewhat acutely as a nutrient sensor, but circulating 
concentrations also reflect adipose mass in pigs (Jacobi 
et al., 2004), rodents (Frederich et al., 1995; Maffei et 
al., 1995), and humans (Maffei et al., 1995). Whereas 
leptin clearly functions through central mechanisms to 
regulate caloric intake and energy expenditure, there 
is convincing evidence of its direct effects on periph-
eral tissues. Exposure to leptin inhibits lipogenesis in 
primary porcine adipocytes and in adipocytes derived 
from SV cells. Although the underlying mechanism 
is not known, it encompasses a disruption of insulin-
stimulated lipogenesis (Ramsay, 2003). In some models, 
leptin also acts to suppress the inhibition of β-receptor-
mediated lipolysis by insulin (Ramsay, 2001) and re-

duces insulin-induced glucose transport, lipogenesis, or 
both (Ramsay and Richards, 2004). In the absence of 
insulin, leptin directly stimulates lipolysis in cultured 
pig adipocytes (Ajuwon et al., 2003). Mechanistically, 
the detailed regulation of lipolysis by leptin is not well 
characterized in meat animal species.

Resistin. Resistin is a cysteine-rich, adipocyte-de-
rived protein that has been linked to the development 
of insulin resistance (Steppan et al., 2005). The po-
tential use of resistin in livestock species is unknown 
because limited information is available. However, re-
sistin mRNA has been identified in the adipose tissue 
and mammary gland of lactating and dry dairy cows 
(Komatsu et al., 2003). Resistin expression in the adi-
pose tissue increased during the transition period while 
expression in the mammary gland decreased. It was 
therefore speculated that resistin may play a role in 
directing the site of glucose uptake from the adipocyte 
to the mammary gland during peak lactation. Porcine 
resistin has also been identified, and mRNA has been 
detected in adipose tissue (Dai et al., 2006). Resistin 
mRNA expression increased with age of the pig and 
was greater in obese pigs than in lean pigs (Cheng et 
al., 2004). Resistin mRNA was detected in both the ad-
ipocyte and SV fractions of the adipose tissue, although 
the expression level was low compared with that found 
in leukocytes (Dai et al., 2006). The role of porcine 
resistin in insulin resistance has not been investigated, 
but a SNP in the resistin gene has been correlated with 
several pork quality traits including marbling and total 
lipid percentage (Otieno et al., 2005). Further research 
is clearly needed to determine the expression pattern 
and role of resistin in both preadipocytes and adipo-
cytes of livestock species.

Figure 3. Percentage intramuscular lipid as a function of slaughter 
age. Abbreviations for breed types: B = Japanese Black; BHo = Japa-
nese Black × Holstein; BBHo = Japanese Black × Japanese Black/
Holstein; RBHo = Japanese Brown × Japanese Black/Holstein; CBHo 
= Charolais × Japanese Black/Holstein; NBHo = Japanese Shorthorn 
× Japanese Black/Holstein. All cattle were fed a high concentrate fin-
ishing diet. Reprinted with permission from Zembayashi et al. (1999).
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Genes That Regulate Adipocyte Activity

During the last 2 decades, many genes have been 
identified that are directly or indirectly involved in 
the regulation of adipogenesis in mammalian species 
including pig and cattle (Fernyhough et al., 2007; Bai 
et al., 2008; Taniguchi et al., 2008b). Genes encoding 
transcription factors including PPAR and C/EBP have 
been identified that directly influence fat cell develop-
ment both in vitro and in vivo (Rosen et al., 2000; 
Fernyhough et al., 2007), by encoding transcriptional 
factors that regulate gene expression of downstream 
genes that are typically involved in lipid and fatty acid 
metabolism. These factors do not work completely in-
dependently but interact functionally in several impor-
tant ways. The PPARγ 2 has been found to regulate 
the expression levels of many genes that are involved 
in adipocyte differentiation including genes involved in 
lipid accumulation and metabolism such as Ap2, colla-
gen type I receptor/thrombospondin receptor (CD36), 
lipoprotein lipase, perilipin, and phosphoenolpyruvate 

carboxykinase (Rosen et al., 2000; Fernyhough et al., 
2007). In addition, PPARγ expression is affected by 
other transcription factors such as Kruppel-like zinc 
finger family (Mori et al., 2005), Krox-20 (Chen et 
al., 2005), zinc-finger transcription factors (Tong et 
al., 2000), repressor proteins (TCF/Lef; Kennell et al., 
2003), the transcription factor E2F (Fajas et al., 2002), 
and mothers against DPP homolog (SMAD; Choy and 
Derynck, 2003) for early development of adipogenesis. 
A recent study by Park et al. (2008) reported that the 
overexpression of Id proteins, a helix-loop-helix domain 
transcription factor, in 3T3-T1 preadipocytes promot-
ed the expression of PPARγ and enhanced the morpho-
logical differentiation and lipid accumulation (Park et 
al., 2008). Although the transcriptional factor PPARγ 
plays a central role in adipogenesis, the complicated 
transcriptional pathways that regulate its expression 
remain poorly understood in meat animals (Fernyhough 
et al., 2007) and need further investigation.

The C/EBP-α protein is another important tran-
scription factor that helps regulate adipogenesis in sev-

Figure 4. Relationship between stearic acid (18:0) and palmitoleic 
acid (16:1n-7) in subcutaneous adipose tissue lipids of cattle raised 
in Australia and Japan (Smith et al., 1998b) or in the United States 
(Gilbert et al., 2003; Archibeque et al., 2005; Chung et al., 2006b). 
Cattle raised in Australia were crossbred Murray Grey, Angus, and 
Grey Brahman steers fed a grain-based diet for a minimum of 400 d, 
whereas those raised in Japan were Murray Grey and Japanese Black 
fed for approximately 570 d. Cattle raised in the United States were 
Brangus (Gilbert et al., 2003), Angus (Archibeque et al., 2005; Chung 
et al., 2006b), or American Wagyu (Chung et al., 2006b). The relation-
ship between palmitoleic acid and stearic acid provides an index of ∆9 
desaturase activity; greater ∆9 desaturase activity is seen in samples 
with high palmitoleic acid and low stearic acid (Yang et al., 1999).

Figure 5. Changes in cellularity, lipogenesis, and stearoyl-CoA de-
saturase (SCD) gene expression during growth in preweaning (2.5 wk 
to 7.5 mo) and postweaning Angus steers. (a) Mean values for number 
of adipocytes per gram of adipose tissue and adipocyte volumes. (b) 
Lipogenesis and SCD gene expression. Overall SE of the means are af-
fixed to the symbols for each item. a–c,jk,xyValues within a measurement 
with the same letters were not different (P > 0.05). Reprinted with 
permission from Martin et al. (1999).
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eral species (Kim et al., 2007). However, several adi-
pocyte cell lines fail to express C/EBP-α and exhibit 
reduced insulin sensitivity despite an apparent adipo-
genic phenotype. Other genes regulate adipogenesis by 
influencing insulin uptake, increased triglyceride accu-
mulation and GPDH activity (Phloretin; Hassan et al., 
2007), adiponectin gene expression (Kim et al., 2006), 
glucose uptake [GLUT-4 (Fernyhough et al., 2007), 
and GLUT-4 enhancer factor (Sparling et al., 2008)], 
glucose and lipid metabolism with AMP-activated pro-
tein kinase activator 5-aminoimidazole-4-carboxamide 
ribonucleoside (Dagon et al., 2006), enhancing PPARγ 
expression (Saito et al., 2008), insulin secretion, glu-
cokinase gene transcription, and β cell proliferation by 
Wnt signaling to promote fat mobilization (Bai et al., 
2008), regulator of circadian rhythm in mature adipo-
cytes [brain and muscle Arnt-like protein-1 (BMAL1, 
MOP3, or Arnt3; Shimba et al., 2005)], and many 
others. The unique regulation of downstream genes 
in bovine preadipocytes suggests that the regulation 
pathways may be species-specific (Tan et al., 2006; 
Taniguchi et al., 2008b). Further work is required to 
understand the complete regulation pathway through 
PPAR isoforms, C/EBP, as well as other gene families 
in meat animals.

Adipose Tissue Transcription and Proteomic 
Profiling of Adipogenesis

Transcriptome Profiling.  The precise patterns 
of differentially expressed genes ultimately direct a par-
ticular cell toward a given lineage, and many of these 
differentially expressed genes are regulated during the 
earliest stages of cell differentiation. Global gene expres-
sion patterns have been intensively studied and mod-
eled using the 3T3-L1 preadipocyte cell line and DNA 
microarray analysis (Hackl et al., 2005). The initial 24-h 
period in preadipocyte conversion into a lipid-assimilat-
ing adipocyte is complex, as shown by 285 cDNA/EST 
having at least a 5-fold change in expression levels dur-
ing this time course (Burton et al., 2002). The identi-
fied differentially expressed genes may well represent 
novel adipogenic mediators. For example, Wdnm1-like, 
a distant member of the whey acidic protein/4-disulfide 
core family was identified from DNA microarray analy-
sis of 3T3-L1 and ScAp23 cells as a gene with possible 
roles in remodeling of the extracellular milieu during 
white and brown adipose differentiation (Wu and Smas, 
2008). Genomic data can be correlated with a particu-
lar phenotype, when large numbers of transcripts are 
analyzed for differentially expressed genes and interac-
tions among genes. A very recent study using microar-
ray analysis also identified the changes in adipocyte 
gene expression patterns when the diet was changed in 
the obese mice (Miller et al., 2008).

The interactions among genes in adipocyte differen-
tiation in livestock species remain unclear (Fernyhough 
et al., 2007). Hishikawa et al. (2005) reported gene ex-

pression differences in subcutaneous and visceral fat tis-
sues among cattle, mouse, and pig, and demonstrated 
that expression profiles between tissue types were dif-
ferent and fat accumulation mechanisms were different 
among animal species. This may be associated, in part, 
with differences in lipid metabolism among these 3 spe-
cies (Fernyhough et al., 2007, 2008; Taniguchi et al., 
2008b,c). Recent studies using a novel in vitro model of 
cattle adipocytes showed that PPAR-γ and SREBP-1 
expression during bovine perimuscular fat preadipocyte 
differentiation by transcriptional activation of SREBP-
1c and PPAR-γ led to upregulation of 6 downstream 
genes (Taniguchi et al., 2008b). Moreover, a bovine-
specific oligo-DNA microarray containing 70-mer oli-
gos representing 8,329 genes from Bos taurus genome 
(Operon Biotechnologies Inc., Huntsville, AL) is being 
used to evaluate the global overview of differentially 
expressed gene expression (Taniguchi et al., 2008a). Re-
sults from this study showed a total of 100 significantly 
differentially expressed genes between differentiated 
and nondifferentiated (control) cells. Most of the differ-
entially expressed genes were observed in DNA/RNA 
binding and catalytic activity at each time point in up- 
or downregulation. The proportions of differentially ex-
pressed genes in binding activity moderately increased 
in upregulated genes as the time elapses (27.3% on d 2, 
28.9% on d 4, and 29.4% on d 8), whereas decreases in 
downregulated genes were observed in 20.3% of genes 
on d 2, 19.0% of genes on d 4, and 18.7% of genes on d 
8 (Figure 6). The similar characteristics of gene expres-
sion profiles were observed in a study of bovine bone 
marrow-derived preadipocyte development (Tan et al., 
2006), suggesting the results reflect a genetic aspect of 
differentiating bovine preadipocytes. Use of quantitative 
real-time PCR analysis of selected genes from microar-
ray analysis validated that typical adipogenic genes, in-
cluding DGAT1, FABP3, FABP4, FASN, and PPAR-γ, 
were upregulated during early differentiation in the bo-
vine-derived preadipocytes. Recently, Taniguchi et al. 
(2008c) reported a total of 360 differentially expressed 
genes were detected between adipose tissues from beef 
cattle, with low and high backfat thickness (Figure 7). 
Most of the differentially expressed tissue genes were 
found in functions of binding (48.2%) and catalytic ac-
tivity (32.3%), whereas those associated with other mo-
lecular function were less than 5%. Among these genes, 
45 out of 360 DE genes were found to be involved in 
82 pathways with some of them capable of cross-talk 
(Taniguchi et al., 2008c). These collective results, in 
part, suggest that the bovine preadipocyte system may 
be a viable in vitro model for molecular adipogenesis 
studies and can be used to understand adipogenesis in 
livestock.

Proteome Profiling. Recent attempts using gene 
expression profiling to elucidate molecular mechanisms 
of adipocyte differentiation have identified hundreds 
of genes involved in several biochemical pathways and 
cellular and molecular signaling. Unfortunately, expres-
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sion levels of mRNA do not always parallel the levels of 
protein expression from any particular gene. Moreover, 
protein turnover and posttranslational modifications, 
essential for cellular behavior, are not represented by 
the information obtained from DNA microarrays. Con-
sequently, a broader understanding of adipogenesis re-
quires independent examination of protein expression 
and protein function complementing mRNA expression 
analyses. The development of proteomics using 2-di-
mensional gel electrophoresis mass spectrometry or 
protein arrays (Bertone and Snyder, 2005; He et al., 
2008) allows researchers to quantitatively examine 
global changes in protein expression profiles and poten-
tial impact on subsequent cellular pathways (Sauer et 
al., 2005). This method has been determined of value 
in numerous recent studies using 3T3-L1 preadipocytes 
(Renes et al., 2005; Rahman et al., 2008).

Combined Approach. Combining proteomic and 
transcriptomic strategies to understand molecular 
mechanisms of 3T3-L1 cell adipogenesis has recently 
been attempted. Wilson-Fritch et al. (2003) revealed 
that a 20- to 30-fold increase in the concentration of 
numerous mitochondrial proteins was observed during 
adipogenesis, as determined by mass spectrometry and 

database correlation analysis. Their results showed in-
creases in the expression of many nucleus-encoded mi-
tochondrial genes during adipogenesis and that these 
genes could be regulated by the actions of insulin sen-
sitizers.

Adipose Tissue Transcriptional Profiling  
of Porcine Adipose Tissue

Fetal and Neonatal Adipose Tissue. Transcrip-
tion profiling and proteomic studies have been used to 
discover the expression of many unique and unexpected 
genes and proteins in human and rodent adipose tissue 
with considerable relevance to human health. Devel-
oping pig adipose tissue serves as a biomedical model 
because the pig is used extensively as a model in as-
sociated lipid metabolism studies (Nafikov and Beitz, 
2007). Over 40 genes encoding known adipose tissue-
secreted proteins were detected in fetal SV cell cultures 
and fetal and neonatal adipose tissue microarrays. Ad-
ditionally, 180 genes encoding nonsecreted regulatory 
factors such as transcription factors, nuclear receptors, 
enzymes, and other regulatory proteins were detected. 
Ten secreted protein genes and numerous regulatory 

Figure 6. Differentially expressed gene ontology analysis during bovine perimuscular fat preadipocyte differentiation. The x-, y-, and z-axes 
indicate molecular functions, time, and percentages of the differentially expressed genes, respectively. Brackets show up- or downregulation in each 
time point as described in Taniguchi et al. (2008b).
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factor genes not known to be expressed by adipose tis-
sue were detected in neonatal adipose tissue and fetal 
SV cell culture microarrays. Twenty adipose tissue-se-
creted proteins were detected using both gene microar-
ray and the proteomic assays including apolipoprotein-
A1, brain-derived neurotrophic factor, and IGFBP-5. 
These studies demonstrated that many key regulatory 
proteins and major secreted proteins were expressed 
much earlier than expected during adipose tissue devel-
opment (Hausman et al., 2006).

Adipose Tissue from Growing Animals. Be-
cause age-associated changes in global gene expression 
in adipose tissue have not been examined in any spe-
cies, custom cDNA microarray studies of adipose tissue 
from growing pigs were initiated. Gene expression ra-
tios revealed little age-associated change in expression 
of many cytokines, apolipoproteins, IGFBP, hormones, 
growth factors, and regulatory factors—several includ-
ing GH and leptin receptors in numerous adipose de-
pots (Hausman et al., 2007, 2008). However, real-time 
reverse transcription-PCR assays showed age-associat-
ed increases in adipose tissue expression of heat shock 
transcription factor 1, connective tissue growth factor, 
15-oxoprostaglandin 13-reductase, adiponectin, and lep-
tin. Age-related decreases in adipose tissue expression 
of IL-1B, regulated upon activation, T-cell expressed 
and secreted protein, neuropeptide Y (NPY), and pro-
hibitin 2 were also confirmed (Hausman et al., 2007, 
2008). Furthermore, the expression of several genes was 
demonstrated in pig adipose tissue for the first time 
including NPY, ciliary neurotrophic factor, heat shock 
transcription factor 1, regulated upon activation, T-

cell expressed and secreted protein, IL-1B, IL-1 recep-
tor antagonist, and apolipoprotein-A1 (Hausman et al., 
2007, 2008). Distinct patterns of relative gene expres-
sion were evident within apolipoproteins, IL, IGFBP, 
TGF β family members, and NPY receptors in adipose 
tissue from growing pigs (Hausman et al., 2007, 2008). 
Comparing outside subcutaneous and middle subcuta-
neous (MSQ) patterns of gene expression within apo-
lipoproteins, IL, interferons, and transforming growth 
factor β family members distinguished these depots in 
growing pigs. These studies also demonstrated that ex-
pression of major cytokines, apolipoproteins, and regu-
latory factors are influenced by age and depot.

Several negative and positive associations between 
leptin and expression of other genes from adipose tis-
sue of growing gilts were observed (Hausman et al., 
2007, 2008). Significant linear regressions between indi-
vidual pig leptin gene expression values and individual 
expression values of several regulatory factors and sev-
eral cytokines were demonstrated (Figures 8 and 9). 
Of 12 interleukins examined, only IL-15 expression was 
positively associated with leptin expression (Figure 9). 
Regulatory genes shown to be associated with leptin 
gene expression have not been studied to any extent in 
meat animal adipose tissue but do have roles in mouse 
rodent adipogenesis. Future study of these regulatory 
genes and cytokines could lead to new insight on regu-
lation of leptin and adipogenesis in meat animals.

Influence of Feed Restriction and Fasting in 
Prepubertal Pigs. The influence of short-term feed 
restriction on adipose tissue function in the prepubertal 
period was examined with custom cDNA microarray 

Figure 7. Ontology analysis of 360 differentially expressed genes in bovine subcutaneous adipose tissue. The x- and y-axes indicate percentages 
of the differentially expressed genes and molecular functions, respectively.
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analysis of 4 adipose tissue depots from ovariectomized 
gilts fed a restricted (33% of control diet) for 8 d (Hart 
et al., 2007). The effects of feed restriction on adipocyte 
gene expression were clearly depot-dependent with the 
greatest number of genes significantly affected in the 
perirenal fat depot and the least in the MSQ. Regardless 
of adipose depot, expression of genes involved in fatty 
acid metabolism, stearoyl-CoA desaturase, PPARγ, li-
poprotein lipase, and malate dehydrogenase, decreased 
in response to feed restriction, whereas several major 
markers of adipocyte development were not changed. 
Furthermore, feed restriction prevented backfat gain, 
and adipocyte function was altered as evidenced by 
upregulation of thyroid hormone receptor-α in perire-
nal, leaf, and mesenteric fat depots in feed-restricted 
animals (Barb et al., 2009), which coincided with el-
evated thyroxine concentrations in restricted pigs (Hart 
et al., 2007). The influence of fasting (Lkhagvadorj 
et al., 2008) and feed restriction (Lkhagvadorj et al., 
2006) in prepubertal gilts has also been studied with 
large porcine Affymetrix arrays to identify regulatory 
adipose tissue metabolic pathways. Gilts were feed re-
stricted to 80% of maintenance for 7 d or fasted for 3 
d and MSQ sampled. Over 2,500 and 7,000 adipose 
tissue genes were differentially expressed in response to 
feed restriction and fasting, respectively. As expected, 
lipid biosynthetic genes such as SREBP-1c, fatty acid 
synthase, aconitase-1, acetyl CoA carboxylase α, and 
acetyl CoA synthase were downregulated in adipose 
tissue. Approximately 21% of all downregulated genes 
in adipose tissue were directly regulated by SREBF1, 
indicating that it may play a key role in responding 
to food deprivation (Lkhagvadorj et al., 2008). These 
studies identified multiple genes and metabolic path-
ways important to the regulation of feed efficiency and 
feed intake in pigs. Furthermore, genes were identified 
that are involved in maintaining thermogenesis, as well 
as immune and neuroendocrine homeostasis in the face 
of feed restriction.

Beta Adrenergic Agonist Treatments. A 
cDNA microarray and 2-dimensional electrophoresis 
approach was used to study differential gene expression 
in pig adipose tissue following clenbuterol treatment 
(Zhang et al., 2007). Eighty-two EST were differential-
ly expressed in microarray analyses and divided into 
4 functional gene groups. Sixteen of the differentially 
expressed genes were related to cellular metabolism, 
including apolipoprotein (APO) -D and -R. Upregu-
lation of APO-R expression at the RNA and protein 
levels indicated that it may be critical to clenbuterol-
induced decrease in adipose tissue accretion (Zhang et 
al., 2007). The APO-R was also detected in adipose tis-
sue from neonatal (Hausman et al., 2006) and growing 
pigs (Hausman et al., 2007). Furthermore, APO-R was 
among the most abundant genes expressed in a porcine 
adipose tissue full-length cDNA library (Chen et al., 
2006). The discovery of the potential role of APO-R 
serves to illustrate the function and role of transcrip-
tional profiling or gene microarray studies of adipose 

tissue since there is virtually no information on APO-R 
in any other species. Other work indicated that chronic 
feeding of the phenethanolamime ractopamine at 20 
ppm decreased SREBP-1c, fatty acid synthase, and 
GLUT-4 expression in subcutaneous adipose tissue of 
finishing Pietran pigs (Halsey et al., 2003). Further, 
ractopamine also reduced mRNA abundance of adipose 
leptin, carnitine palmitoyl-carnitine transferase-1, fatty 
acid synthase, glucose transporter-4, and SREBP-1c in 
adipose tissue of finishing Duroc and Pietrain pigs (Re-
iter et al., 2007).

Quantitative Trait Loci for Fat Deposition 
and Composition

Fat deposition and composition phenotypes are typi-
cally quantitative traits in nature, which are usually 
controlled by multiple genes and environmental factors. 
During the past 15 yr, both genome scan and candidate 
gene approaches have been widely used to localize chro-
mosome regions or functional genes that affect these 

Figure 8. Middle subcutaneous adipose tissue microarray gene ex-
pression intensities for 5 individual pigs at each of the 3 ages studied 
(i.e., 90, 150, and 210 d) are shown. Significant simple linear regression 
(P < 0.003) coefficients were demonstrated between leptin gene ex-
pression patterns and expression patterns of 4 regulatory genes. Con-
sidering gene expression at the individual pig level, a positive associa-
tion of TCF3 and LRP6 gene expression with leptin expression was 
demonstrated, whereas RAB9L and HIPK3 expression was negatively 
associated with leptin gene expression.

Figure 9. Middle subcutaneous adipose tissue gene expression in-
tensities for 5 individual pigs at each of the 3 ages studied (i.e., 90, 150, 
and 210 d) are shown here. Significant simple linear regression (P < 
0.005) coefficients were demonstrated between leptin gene expression 
patterns and expression patterns of 4 genes encoding secretory factors. 
When considering gene expression at the individual pig level, a posi-
tive association with leptin expression was noted only for IL-15 gene 
expression because IL-1A, IL-1B, and interferon-γ (IFNG) expression 
was negatively associated with leptin gene expression.
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economically important traits (Jiang et al., 2007). It 
has been widely believed that the application of these 
genes/markers in livestock breeding programs will per-
mit the development of new genetic technologies and 
open the way to realize the full genetic potential for 
improvement of meat production for maximum profits. 

QTL and Candidate Genes for Fat Deposi-
tion and Composition in Swine.  The current 
PigQTLdb (http://www.animalgenome.org/QTLdb/) 
has gathered a total of 1,831 QTL from 113 publica-
tions representing 316 different pig traits (Hu et al., 
2007b; Rothschild et al., 2007). Among them, at least 
520 significant or suggestive QTL were identified for 86 
traits related to fat deposition and fatty acid composi-
tion in pigs. Figure 10 illustrates a total of 469 QTL 
central locations selected for 66 traits that are grouped 
into 14 clusters: abdominal fat (S1), backfat (average) 
thickness (S2), backfat at shoulder (S3), backfat at first 
rib (S4), backfat between 3rd and 4th rib (S5), backfat 
at 10th rib (S6), backfat at last rib (S7), backfat at 
last lumbar (S8), backfat weight (S9), fat percentage in 
carcass (S10), intermuscular fat percentage (S11), mar-
bling (S12), fat androstenedione level (S13), and fatty 
acid composition (S14).

It should be noted that 469 QTL for fat deposition 
and composition are not evenly distributed in the por-
cine genome, ranging from 2 (on SSC16) to 68 (on 
SSC7). In particular, abundant fat-related QTL are 
identified on SSC1 (55), SSC2 (35), SSC4 (67), SSC6 
(67), SSC7 (68), and X (42), respectively (Figure 10). 
Second, among these 14 clusters of traits, 8 are related 
to backfat measurements, but only the average backfat 
has been heavily investigated with the largest number 
of QTL identified in various reference populations (Hu 
et al., 2007b; Rothschild et al., 2007). Interestingly, 
QTL for the average backfat would overlap most of 
those for other backfat measurements. Third, although 
marbling and IMF content measure fat stored in muscle 
and they are well correlated (r = 0.57, P < 0.0001; 
Huff-Lonergan et al., 2002), their genetic backgrounds 
look quite different. For marbling in swine, QTL re-
gions have been found on SSC1, SSC8, SSC10, SSC12, 
SSC14, and SSC17. However, for IMF content, QTL 
regions have been detected on SSC4, SSC7, and the 
porcine X chromosome, respectively. Only SSC6 har-
bors QTL regions for both marbling and IMF content 
(Figure 10).

Several candidate genes have also been identified to 
affect fat deposition in pigs. For example, distal-less ho-
meobox 5 (Cheng et al., 2008), fatty acid binding pro-
tein 4 and 5 (Estelle et al., 2006), GH 1 and its releas-
ing hormone (Franco et al., 2005), 11 β hydroxysteroid 
dehydrogenase isoform 1 (Otieno et al., 2005), IGF-
1 (Estany et al., 2007), leptin receptor (Ovilo et al., 
2005), malic enzyme 1 (Vidal et al., 2006), mitogen-ac-
tivated protein kinase (MAPK) 8 (Otieno et al., 2005), 
PPARγ, coactivator-1α (Stachowiak et al., 2007), and 
pituitary specific transcription factor 1 (Franco et al., 
2005) significantly influence backfat thickness in the 

carcass. Carbonic anhydrase 3 (Wang et al., 2006b) and 
fatty acid binding protein 3 (Arnyasi et al., 2006) were 
found to be associated with intramuscular fat content, 
whereas liver X receptor α (Yu et al., 2006), myosin 
light chain 2 fast skeletal (Wang et al., 2006a), and re-
sistin (Otieno et al., 2005) significantly affect marbling 
in pork. Three genes, capping protein (actin filament) 
muscle Z-line, β (Yang et al., 2008), IGFBP2 (Wang 
et al., 2008b), and myosin light chain 2 fast skeletal 
(Wang et al., 2006b), have a significant impact on leaf 
fat weight. Nuclear receptor coactivators 1, 2, and 3 
(Wang et al., 2008c) and SREB-1c (Chen et al., 2008) 
were found to have significant impact on IMF content. 
In addition, the PPARγC1A gene is also associated 
with abdominal fat in pigs (Stachowiak et al., 2007).

QTL and Candidate Genes for Fat Deposi-
tion and Composition in Cattle. The current Cat-
tle Quantitative Trait Loci database (CattleQTLdb) 
has gathered 1,123 QTL from 71 publications published 
over more than 10 yr (Hu et al., 2007b). Interestingly, 
mapping QTL for fat deposition and composition has 
targeted quite a few phenotypes in both dairy and beef 
cattle. In dairy cattle, most work has focused on fat 
percentage (S1) and fat yield (S2) in milk, whereas in 
beef cattle, marbling (S3), and subcutaneous fat depth 
(S4) in carcass are 2 major targets related to adipogen-
esis (Figure 11).

A QTL mapping for milk fat percentage and fat 
yield indicated that both traits share some common 
genetic background. For example, chromosomes such 
as BTA6 and BTA14 with QTL rich for fat percentage 
also harbor abundant QTL for fat yield in milk (Figure 
11). In contrast, candidate gene approach could not 
reveal many genes that are in common to control fat 
percentage/content and fat yield in milk. For example, 
αs1-casein, β-casein, and κ-casein genes (Velmala et al., 
1995), defensin, β 4 (Wojdak-Maksymiec et al., 2006; 
Bagnicka et al., 2007), and signal transducer and ac-
tivator of transcription 5A (Khatib et al., 2008) were 
reported to show effects on fat percentages or content 
in milk. Growth hormone (Yao et al., 1996; Grochows-
ka et al., 2001) and its receptor (Aggrey et al., 1999), 
PPARγC1A (Weikard et al., 2005) and protease inhibi-
tor (Khatib et al., 2005) were found to be associated 
with milk fat yield. Only 2 genes—osteopontin (Khatib 
et al., 2007) and oxidized LDL receptor 1 (Khatib et 
al., 2006)—affect both fat percentage and fat yield in 
milk.

Fortunately, QTL mapping for both marbling and 
subcutaneous fat depth in beef cattle revealed that they 
are unlikely to share the common genetic background 
(Figure 11), thus making it easier for the beef industry 
to select for marbling and against fat thickness. After 
reviewing QTL mapping for beef marbling in differ-
ent populations, Jiang et al. (2007) observed that some 
QTL might be breed-specific (Jiang et al., 2007). For 
example, 7 bovine chromosomes, BTA2, BTA3, BTA16, 
BTA17, BTA23, BTA27, and BTA29, harbor QTL for 
marbling detected in American beef cattle breeds only. 
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However, 4 chromosomes, BTA4, BTA6, BTA7 and 
BTA13, are Asian-breed specific; they possess QTL for 
marbling found in Japanese Wagyu or Korean Hanwoo 
cattle only. The chromosomes BTA5, BTA8, BTA9, 
BTA10, and BTA14 have QTL regions in both breed 

sources, but the QTL center locations are not necessari-
ly similar or close to each other. Several candidate genes 
have also been explored for their associations with both 
marbling and subcutaneous fat depth in beef cattle. For 
example, GH (Tatsuda et al., 2008), μ-calpain, (Cheong 

Figure 10. A total of 469 QTL central locations are selected for 66 traits of pigs that are grouped into 14 clusters: abdominal fat (S1), backfat 
(average) thickness (S2), backfat at shoulder (S3), backfat at first rib (S4), backfat between 3rd and 4th rib (S5), backfat at 10th rib (S6), backfat 
at last rib (S7), backfat at last lumbar (S8), backfat weight (S9), fat percentage in carcass (S10), intermuscular fat percentage (S11), marbling 
(S12), fat androstenone level (13), and fatty acid composition (S14).
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et al., 2008), NPY (Sherman et al., 2008), and thy-
roglobulin (Wood et al., 2006) genes show significant 
effect on marbling, whereas FABP4 (Cho et al., 2008), 
IGF-2 (Sherman et al., 2008), and leptin (Buchanan 
et al., 2002; Schenkel et al., 2005) are associated with 
backfat thickness.

At the moment, information on QTL mapping for 
fatty acid composition seems very limited in both dairy 
and beef cattle. In dairy, there is one report on the FAS 

gene, which is associated with the fatty acid composi-
tion of milk fat (Morris et al., 2007). In beef, Taylor et 
al. (1998) reported a chromosome-wide scan of QTL 
for fatty acid composition on bovine chromosome 19 
(Taylor et al., 1998). On the other hand, few candidate 
genes were also investigated for their associations with 
fatty acid composition in different beef breeds. For ex-
ample, Raes et al. (2001) examined the intramuscular 
fatty acid composition in the 3 myostatin genotypes 

Figure 11. A total of 164 QTL central locations are selected for 4 traits of cattle: marbling score (S1), fat thickness (S2), fat percentage (S3), 
fat yield (S4).
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(double-muscling, mh/mh; heterozygous, mh/+; nor-
mal, +/+) and found that the mh/mh animals had sig-
nificantly greater P/S ratio and proportions of C20:5n-3 
and C22:5n-3 relative to the sum of n-3 PUFA, but 
significantly less C18:3n-3 content and proportions of 
C20:4n-6 and C22:4n-6 relative to the sum of n-6 PUFA 
compared with the +/+ animals (Raes et al., 2001). 
Taniguchi et al. (2004) identified a mis-sense mutation 
that causes an AA replacement from valine (type V) to 
alanine (type A) in the fifth exon of bovine stearoyl-
CoA desaturase (SCD1) gene. The authors found that 
the SCD1 type A gene contributes to elevated MUFA 
percentage and lower melting point in intramuscular 
fat. Hoashi et al. (2007) found a large 84-bp insertion 
and a deletion in intron 5 of bovine SREBP-1 in Japa-
nese Black cattle. Association analysis revealed that 
the deletion contributes to 1.3% elevated MUFA and 
1.6°C lower melting point in intramuscular fat.

The Human Obesity Gene Map and Its 
Information Transfer to Livestock Species

To date, more than 300 genes and 400 QTL have 
been placed on the human obesity gene map (Ranki-
nen et al., 2006). No doubt, the map provides us a 
unique reference to explore genes/QTL for fat deposi-
tion and composition in livestock species. In pigs, Kim 
et al. (2004) focused on 8 genes known to be associated 
with human obesity for their candidacy related to the 
pig growth and fat deposition QTL regions, including 
melanocortin receptors 3 and 4, agouti signaling pro-
tein and agouti-related protein, high-mobility group A 
family genes 1 and 2, PPARγ, and ghrelin (Kim et 
al., 2004). The authors found that associations between 
polymorphisms of these candidate genes and a variety 
of phenotypic measurements in pigs are in reasonable 
agreement with results from human and other animal 
studies. In beef cattle, workers have successfully tested 
10 obesity-related genes, including corticotropin-releas-
ing hormone (Wibowo et al., 2007), corticotropin-re-
leasing hormone receptor 2 (Jiang et al., 2006), FABP4 
(Michal et al., 2006), poly(A) polymerase associated 
domain containing 1 (Xiao et al., 2006), SCD1 (Jiang et 
al., 2008a), transcription factor A, mitochondrial (Jiang 
et al., 2005), urocortin 3 (Jiang et al., 2006), urotensin 
2 (Jiang et al., 2008b), urotensin 2 receptor (Jiang et 
al., 2008b), and ubiquinol-cytochrome c reductase core 
protein I (Kunej et al., 2007). Therefore, cross-species 
candidate gene information transfer is a powerful means 
to determine the same causal genes that underlie the 
concordant QTL in both human and livestock species. 
Certainly, this comparative QTL mapping approach is 
worth further exploration because the same ortholo-
gous gene may have conserved functions in biological 
or biochemical pathways, and thus explain the same or 
similar variations of the concordant QTL among differ-
ent species.

Conclusions

Advancements in meat animal production strategies, 
including genetic selection, nutrition, environmental 
strategies, etc., have successfully improved feed effi-
ciency and growth rates of domestic meat animals over 
time. Reductions in total fat content of animal products 
have been achieved primarily by selection for leanness. 
Very little is known, however, about selective regula-
tion of adipose deposition into desired depots, such as 
marbling in meat animals. As such, understanding the 
biology of preadipocytes and adipocytes is vital for al-
tering meat animal carcass composition. Advances in 
research technologies, from stem cell and embryonic 
methods to molecular and genetic tools, now allow for 
investigation of the epigenetic processes and integrated 
regulatory networks that result in specific distribution 
of adipose tissues. Results from research using both 
contemporary tools and classic research methods, such 
as those described in this review, will enable a more 
complete understanding of adipose tissue biology that 
will be vital for improving meat animal carcass compo-
sition to meet the needs of producers and the expecta-
tions of consumers.

Future Directions

As consumers increase demand for healthy food op-
tions, the meat animal industry will focus more strong-
ly on improved meat composition. In particular, alter-
ing the oleic acid, linolenic acid, n-3, or CLA content 
of animal products has been suggested as a means to 
create healthier animal products. Also, although no 
direct comparison has been made, empirical evidence 
suggests marbling content is less in current meat ani-
mals than those of several decades ago (Dunshea et al., 
2005; Fortin et al., 2005). Current emphasis in selec-
tion programs for both cattle and pigs is on increas-
ing intramuscular fat, without impacting subcutaneous 
fat. Every day, new scientific methods are developed 
that allow for targeted investigation of preadipocytes, 
adipocytes, adipose tissue, and interactions of adipose 
tissue and cells. In addition to cellular studies, a grow-
ing body of evidence suggests that the interaction of 
adipokines may impact the growth of skeletal muscle 
and that cytokines secreted from skeletal muscle may 
affect intramuscular adipocytes (Argiles et al., 2005; 
Nielsen and Pedersen, 2007), which has the potential to 
play a significant role in animal production. Emerging 
technologies such as protein array analysis, microRNA 
analysis, and transcriptome analysis will also be used to 
extend our knowledge beyond that obtained from clas-
sic techniques used to study the regulation of growth 
and development of adipose tissue and its various cell 
types. As our knowledge of basic adipose development 
and biology continues to grow, it is likely that we will 
refine control of adipose tissue and adipose effects on 
meat quality to an extraordinary degree. The potential 
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benefits to producers and consumers, as well as the 
biomedical field, will keep the biology and regulation of 
preadipocytes and adipocytes at the focus of scientific 
interest for many years to come.

LITERATURE CITED

Aggrey, S. E., J. Yao, M. P. Sabour, C. Y. Lin, D. Zadworny, J. F. 
Hayes, and U. Kuhnlein. 1999. Markers within the regulatory 
region of the growth hormone receptor gene and their associa-
tion with milk-related traits in Holsteins.  J. Hered.  90:148–
151.

Ailhaud, G., P. Grimaldi, and R. Negrel. 1992. Cellular and molecu-
lar aspects of adipose tissue development.  Annu. Rev. Nutr.  
12:207–233.

Ailhaud, G., F. Massiera, P. Weill, P. Legrand, J. M. Alessandri, 
and P. Guesnet. 2006. Temporal changes in dietary fats: Role 
of n-6 polyunsaturated fatty acids in excessive adipose tissue 
development and relationship to obesity.  Prog. Lipid Res.  
45:203–236.

Ajuwon, K. M., J. L. Kuske, D. B. Anderson, D. L. Hancock, K. L. 
Houseknecht, O. Adeola, and M. E. Spurlock. 2003. Chronic 
leptin administration increases serum NEFA in the pig and 
differentially regulates PPAR expression in adipose tissue.  J. 
Nutr. Biochem.  14:576–583.

Albrecht, E., F. Teuscher, K. Ender, and J. Wegner. 2006. Growth- 
and breed-related changes of muscle bundle structure in cattle.  
J. Anim. Sci.  84:2959–2964.

Allen, C. E. 1976. Cellularity of adipose tissue in meat animals.  Fed. 
Proc.  35:2302–2307.

Allen, C. E., D. C. Beitz, D. A. Cramer, and R. G. Kauffman. 1976. 
Biology of Fat in Meat Animals. Univ. Wisconsin, Madison.

Allen, R. E., M. V. Dodson, L. K. Boxhorn, S. L. Davis, and K. L. 
Hossner. 1986. Satellite cell proliferation in response to pitu-
itary hormones.  J. Anim. Sci.  62:1596–1601.

Arab, L. 2003. Biomarkers of fat and fatty acid intake.  J. Nutr.  
133(Suppl. 3):925S–932S.

Archibeque, S. L., D. K. Lunt, C. D. Gilbert, R. K. Tume, and S. B. 
Smith. 2005. Fatty acid indices of stearoyl-CoA desaturase do 
not reflect actual stearoyl-CoA desaturase enzyme activities in 
adipose tissues of beef steers finished with corn-, flaxseed-, or 
sorghum-based diets.  J. Anim. Sci.  83:1153–1166.

Argiles, J. M., J. Lopez-Soriano, V. Almendro, S. Busquets, and F. 
J. Lopez-Soriano. 2005. Cross-talk between skeletal muscle and 
adipose tissue: A link with obesity?  Med. Res. Rev.  25:49–65.

Arnyasi, M., E. Grindflek, A. Javor, and S. Lien. 2006. Investigation 
of two candidate genes for meat quality traits in a quantita-
tive trait locus region on SSC6: The porcine short heterodimer 
partner and heart fatty acid binding protein genes.  J. Anim. 
Breed. Genet.  123:198–203.

Azain, M. J. 2003. Conjugated linoleic acid and its effects on animal 
products and health in single-stomached animals.  Proc. Nutr. 
Soc.  62:319–328.

Azain, M. J. 2004. Role of fatty acids in adipocyte growth and de-
velopment.  J. Anim. Sci.  82:916–924.

Badinga, L., K. T. Selberg, A. C. Dinges, C. W. Comer, and R. D. 
Miles. 2003. Dietary conjugated linoleic acid alters hepatic lipid 
content and fatty acid composition in broiler chickens.  Poult. 
Sci.  82:111–116.

Bagnicka, E., N. Strzalkowska, K. Flisikowski, T. Szreder, A. Joz-
wik, B. Prusak, J. Krzyzewski, and L. Zwierzchowski. 2007. 
The polymorphism in the beta4-defensin gene and its associa-
tion with production and somatic cell count in Holstein-Friesian 
cows.  J. Anim. Breed. Genet.  124:150–156.

Bai, L., W. J. Pang, Y. J. Yang, and G. S. Yang. 2008. Modula-
tion of Sirt1 by resveratrol and nicotinamide alters proliferation 
and differentiation of pig preadipocytes.  Mol. Cell. Biochem.  
307:129–140.

Barb, C. R., G. J. Hausman, and K. L. Houseknecht. 2001. Biology 
of leptin in the pig.  Domest. Anim. Endocrinol.  21:297–317.

Barb, C. R., G. J. Hausman, and C. A. Lents. 2009. Energy metabo-
lism and leptin: Effects on neuroendocrine regulation of repro-
duction in the gilt and sow.  Reprod. Domest. Anim.  43:1–7.

Barioni, L. G., J. W. Oltjen, and R. D. Sainz. 2006. Iterative de-
velopment, evaluation and optimal parameter estimation of a 
dynamic simulation model: A case study. Pages 251–256 in Nu-
trient Digestion and Utilization in Farm Animals: Modelling 
Approaches. E. Kebreab, J. Dijkstra, A. Bannink, W. J. J. Ger-
rits, and J. France, ed. CAB Int., Wallingford, UK.

Bauman, D. E., J. W. Perfield II, K. J. Harvatine, and L. H. Baum-
gard. 2008. Regulation of fat synthesis by conjugated linoleic 
acid: Lactation and the ruminant model.  J. Nutr.  138:403–
409.

Baumgard, L. H., B. A. Corl, D. A. Dwyer, A. Saebo, and D. E. 
Bauman. 2000. Identification of the conjugated linoleic acid 
isomer that inhibits milk fat synthesis.  Am. J. Physiol. Regul. 
Integr. Comp. Physiol.  278:R179–R184.

Baumgard, L. H., E. Matitashvili, B. A. Corl, D. A. Dwyer, and D. 
E. Bauman. 2002. trans-10, cis-12 conjugated linoleic acid de-
creases lipogenic rates and expression of genes involved in milk 
lipid synthesis in dairy cows.  J. Dairy Sci.  85:2155–2163.

Belury, M. A., S. Y. Moya-Camarena, M. Lu, L. Shi, L. M. Leesnitzer, 
and S. G. Blanchard. 2002. Conjugated linoleic acid is an acti-
vator and ligand for peroxisome proliferator-activated receptor-
gamma (PPARy).  Nutr. Res.  22:817–824.

Bergen, W. G., and H. J. Mersmann. 2005. Comparative aspects of 
lipid metabolism: Impact on contemporary research and use of 
animal models.  J. Nutr.  135:2499–2502.

Bertone, P., and M. Snyder. 2005. Advances in functional protein 
microarray technology.  FEBS J.  272:5400–5411.

Bidwell, C. A., S. Q. Ji, G. R. Frank, S. G. Cornelius, G. M. Wills, 
and M. E. Spurlock. 1997. Cloning and expression of the por-
cine obese gene.  Anim. Biotechnol.  8:191–206.

Boney, C. M., P. A. Gruppuso, R. A. Faris, and A. R. Frackelton 
Jr. 2000. The critical role of Shc in insulin-like growth factor-I-
mediated mitogenesis and differentiation in 3T3–L1 preadipo-
cytes.  Mol. Endocrinol.  14:805–813.

Boney, C. M., B. M. Moats-Staats, A. D. Stiles, and A. J. D’Ercole. 
1994. Expression of insulin-like growth factor-I (IGF-I) and 
IGF-binding proteins during adipogenesis.  Endocrinology  
135:1863–1868.

Bouattour, M. A., R. Casals, E. Albanell, X. Such, and G. Caja. 
2008. Feeding soybean oil to dairy goats increases conjugated 
linoleic acid in milk.  J. Dairy Sci.  91:2399–2407.

Brown, J. M., M. S. Boysen, S. S. Jensen, R. F. Morrison, J. 
Storkson, R. Lea-Currie, M. Pariza, S. Mandrup, and M. K. 
McIntosh. 2003. Isomer-specific regulation of metabolism and 
PPARγ signaling by CLA in human preadipocytes.  J. Lipid 
Res.  44:1287–1300.

Brun, R. P., P. Tontonoz, B. M. Forman, R. Ellis, J. Chen, R. M. 
Evans, and B. M. Spiegelman. 1996. Differential activation of 
adipogenesis by multiple PPAR isoforms.  Genes Dev.  10:974–
984.

Buchanan, F. C., C. J. Fitzsimmons, A. G. Van Kessel, T. D. Thue, 
D. C. Winkelman-Sim, and S. M. Schmutz. 2002. Association 
of a missense mutation in the bovine leptin gene with carcass 
fat content and leptin mRNA levels.  Genet. Sel. Evol.  34:105–
116.

Burton, G. R., Y. Guan, R. Nagarajan, and R. E. McGehee Jr. 2002. 
Microarray analysis of gene expression during early adipocyte 
differentiation.  Gene  293:21–31.

Bywater, A. C., J. W. Oltjen, R. L. Baldwin, and N. R. St.-Pierre. 
1988. Modeling animal growth.  Math. Comput. Simul.  30:165–
174.

Cartwright, A. L. 1991. Adipose cellularity in Gallus domesticus: 
Investigations to control body composition in growing chickens.  
J. Nutr.  121:1486–1497.

Biology of adipocytes and preadipocytes 1237

 at USDA ARS NAA Library on May 19, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


Casimir, D. A., and J. M. Ntambi. 1996. cAMP activates the expres-
sion of stearoyl-CoA desaturase gene 1 during early preadipo-
cyte differentiation.  J. Biol. Chem.  271:29847–29853.

Chawla, A., and M. A. Lazar. 1994. Peroxisome proliferator and 
retinoid signaling pathways co-regulate preadipocyte phenotype 
and survival.  Proc. Natl. Acad. Sci. USA  91:1786–1790.

Chen, C. H., E. C. Lin, W. T. Cheng, H. S. Sun, H. J. Mersmann, 
and S. T. Ding. 2006. Abundantly expressed genes in pig adi-
pose tissue: An expressed sequence tag approach.  J. Anim. Sci.  
84:2673–2683.

Chen, J., X. J. Yang, D. Xia, J. Chen, J. Wegner, Z. Jiang, and R. 
Q. Zhao. 2008. Sterol regulatory element binding transcription 
factor 1 expression and genetic polymorphism significantly af-
fect intramuscular fat deposition in the longissimus muscle of 
Erhualian and Sutai pigs.  J. Anim. Sci.  86:57–63.

Chen, N. X., G. J. Hausman, and J. T. Wright. 1995. Influence of age 
and fetal hypophysectomy on porcine preadipocytes: Insulin-
like growth factor-I (IGF-I) response, receptor binding and IGF 
binding proteins secretion.  Growth Dev. Aging  59:193–206.

Chen, N. X., G. J. Hausman, and J. T. Wright. 1996. Influence 
of thyroxine in vivo on preadipocyte development and insulin-
like growth factor-I and IGF binding protein secretion in fetal 
stromal vascular cell cultures.  Obes. Res.  4:357–366.

Chen, Z., J. I. Torrens, A. Anand, B. M. Spiegelman, and J. M. 
Friedman. 2005. Krox20 stimulates adipogenesis via C/EBP-
beta-dependent and -independent mechanisms.  Cell Metab.  
1:93–106.

Cheng, H. C., F. W. Zhang, C. D. Jiang, F. E. Li, Y. Z. Xiong, and 
C. Y. Deng. 2008. Isolation and imprinting analysis of the por-
cine DLX5 gene and its association with carcass traits. Anim. 
Genet. 39:395–399.

Cheng, W.-L., C.-K. Lii, H.-W. Chen, T.-H. Lin, and K.-L. Liu. 
2004. Contribution of conjugated linoleic acid to suppression of 
inflammatory responses through the regulation of the NF-κB 
pathway.  J. Agric. Food Chem.  52:71–78.

Cheong, H. S., D. H. Yoon, B. L. Park, L. H. Kim, J. S. Bae, S. 
Namgoong, H. W. Lee, C. S. Han, J. O. Kim, I. C. Cheong, 
and H. D. Shin. 2008. A single nucleotide polymorphism in 
CAPN1 associated with marbling score in Korean cattle.  BMC 
Genet.  9:33.

Cho, S., T. S. Park, D. H. Yoon, H. S. Cheong, S. Namgoong, B. L. 
Park, H. W. Lee, C. S. Han, E. M. Kim, I. C. Cheong, H. Kim, 
and H. D. Shin. 2008. Identification of genetic polymorphisms 
in FABP3 and FABP4 and putative association with back fat 
thickness in Korean native cattle.  BMB Rep.  41:29–34.

Chouinard, P., L. Corneau, D. Barbano, L. Metzger, and D. Bau-
man. 1999. Conjugated linoleic acids alter milk fatty acid com-
position and inhibit milk fat secretion in dairy cows.  J. Nutr.  
129:1579–1584.

Chouinard, P. Y., L. Corneau, W. R. Butler, Y. Chilliard, J. K. 
Drackley, and D. E. Bauman. 2001. Effect of dietary lipid 
source on conjugated linoleic acid concentrations in milk fat.  J. 
Dairy Sci.  84:680–690.

Choy, L., and R. Derynck. 2003. Transforming growth factor-beta 
inhibits adipocyte differentiation by Smad3 interacting with 
CCAAT/enhancer-binding protein (C/EBP) and repressing C/
EBP transactivation function.  J. Biol. Chem.  278:9609–9619.

Chung, K. Y., C. B. Choi, H. Kawachi, H. Yano, and S. B. Smith. 
2006a. Trans-10, cis-12 conjugated linoleic acid antogonizes 
arginine-promoted differentiation of bovine preadipocytes.  Ad-
ipocytes  2:93–100.

Chung, K. Y., D. K. Lunt, G. B. Choi, S. H. Chae, R. D. Rhoades, 
T. L. Adams, B. Booren, and S. B. Smith. 2006b. Lipid char-
acteristics of subcutaneous adipose tissue and M. longissimus 
thoracis of Angus and Wagyu steers fed to U.S. and Japanese 
endpoints.  Meat Sci.  73:432–441.

Chung, K. Y., D. K. Lunt, H. Kawachi, H. Yano, and S. B. Smith. 
2007. Lipogenesis and stearoyl-CoA desaturase gene expression 
and enzyme activity in adipose tissue of short- and long-fed 
Angus and Wagyu steers fed corn- or hay-based diets.  J. Anim. 
Sci.  85:380–387.

Cianzio, D. S., D. G. Topel, G. B. Whitehurst, D. C. Beitz, and H. 
L. Self. 1985. Adipose tissue growth and cellularity: Changes in 
bovine adipocyte size and number.  J. Anim. Sci.  60:970–976.

Clarke, S. D. 2001. Polyunsaturated fatty acid regulation of gene 
transcription: A molecular mechanism to improve the metabolic 
syndrome.  J. Nutr.  131:1129–1132.

Corino, C., J. Mourot, S. Magni, G. Pastorelli, and F. Rosi. 2002. 
Influence of dietary conjugated linoleic acid on growth, meat 
quality, lipogenesis, plasma leptin and physiological variables of 
lipid metabolism in rabbits.  J. Anim. Sci.  80:1020–1028.

Corino, C., M. Mussella, and J. Mourot. 2008. Influence of extruded 
linseed on growth, carcass composition, and meat quality of 
slaughtered pigs at one hundred ten and one hundred sixty 
kilograms of liveweight.  J. Anim. Sci.  86:1850–1860.

Crandall, D. L., and M. DiGirolamo. 1990. Hemodynamic and meta-
bolic correlates in adipose tissue: Pathophysiologic consider-
ations.  FASEB J.  4:141–147.

Crandall, D. L., G. J. Hausman, and J. G. Kral. 1997. A review 
of the microcirculation of adipose tissue: Anatomic, metabolic, 
and angiogenic perspectives.  Microcirculation  4:211–232.

Crossno, J. T. Jr., S. M. Majka, T. Grazia, R. G. Gill, and D. J. 
Klemm. 2006. Rosiglitazone promotes development of a novel 
adipocyte population from bone marrow-derived circulating 
progenitor cells.  J. Clin. Invest.  116:3220–3228.

Crouse, J. D., H. R. Cross, and S. C. Seideman. 1984. Effects of 
a grass or grain diet on the quality of three beef muscles.  J. 
Anim. Sci.  58:619–625.

Dagon, Y., Y. Avraham, and E. M. Berry. 2006. AMPK activation 
regulates apoptosis, adipogenesis, and lipolysis by eIF2alpha in 
adipocytes.  Biochem. Biophys. Res. Commun.  340:43–47.

Dai, M. H., T. Xia, G. D. Zhang, X. D. Chen, L. Gan, S. Q. 
Feng, H. Qiu, Y. Peng, and Z. Q. Yang. 2006. Cloning, ex-
pression and chromosome localization of porcine adiponectin 
and adiponectin receptors genes.  Domest. Anim. Endocrinol.  
30:117–125.

Daniel, Z. C., R. J. Wynn, A. M. Salter, and P. J. Buttery. 2004. 
Differing effects of forage and concentrate diets on the oleic acid 
and conjugated linoleic acid content of sheep tissues: The role 
of stearoyl-CoA desaturase.  J. Anim. Sci.  82:747–758.

Deiuliis, J. A., B. Li, P. A. Lyvers-Peffer, S. J. Moeller, and K. Lee. 
2006. Alternative splicing of delta-like 1 homolog (DLK1) in 
the pig and human.  Comp. Biochem. Physiol. B Biochem. Mol. 
Biol.  145:50–59.

Demaree, S. R., C. D. Gilbert, H. J. Mersmann, and S. B. Smith. 
2002. Conjugated linoleic acid differentially modifies fatty acid 
composition in subcellular fraction of muscle and adipose tissue 
but not adiposity of postweaning pigs.  J. Nutr.  132:3272–
3279.

Deslex, S., R. Negrel, and G. Ailhaud. 1987. Development of a chem-
ically defined serum-free medium for differentiation of rat adi-
pose precursor cells.  Exp. Cell Res.  168:15–30.

Dhiman, T. R., S. H. Nam, and A. L. Ure. 2005. Factors affecting 
conjugated linoleic acid content in milk and meat.  Crit. Rev. 
Food Sci. Nutr.  45:463–482.

Di Marco, O. N., and R. L. Baldwin. 1989. Implementation and 
evaluation of a steer growth model.  Agric. Syst.  29:247–265.

Ding, S. T., A. Lapillonne, W. C. Heird, and H. J. Mersmann. 2003. 
Dietary fat has minimal effects on fatty acid metabolism tran-
script concentrations in pigs.  J. Anim. Sci.  81:423–431.

Ding, S. T., R. L. McNeel, and H. J. Mersmann. 2000. Conjugated 
linoleic acid increases the differentiation of porcine adipocytes 
in vitro.  Nutr. Res.  20:1569–1580.

Ding, S. T., R. L. McNeel, and H. J. Mersmann. 2002. Modulation of 
adipocyte determination and differentiation-dependent factor 
1 by selected polyunsaturated fatty acids.  In Vitro Cell. Dev. 
Biol. Anim.  38:352–357.

Dodson, M. V., R. E. Allen, N. Shimizu, Y. Shimizu, and K. L. 
Hossner. 1987. Interaction of ovine somatomedin and multi-
plication stimulating activity/rat insulin-like growth factor II 
with cultured skeletal muscle satellite cells.  Acta Endocrinol. 
(Copenh.)  116:425–432.

Hausman et al.1238

 at USDA ARS NAA Library on May 19, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


Dodson, M. V., and M. E. Fernyhough. 2008. Mature adipocytes: 
Are there still novel things that we can learn from them?  Tis-
sue Cell  40:307–308.

Donaldson, W. E. 1985. Lipogenesis and body fat in chicks: Effects 
of calorie-protein ratio and dietary fat.  Poult. Sci.  64:1199–
1204.

Dugan, M. E. R., J. L. Aalhus, A. L. Schaefer, and J. K. G. Kram-
er. 1997. The effect of conjugated linoleic acid on fat to lean 
repartitioning and feed conversion in pigs.  Can. J. Anim. Sci.  
77:723–725.

Dunshea, F. R., D. N. D’Souza, D. W. Pethick, G. S. Harper, and R. 
D. Warner. 2005. Effects of dietary factors and other metabolic 
modifiers on quality and nutritional value of meat.  Meat Sci.  
71:8–38.

Duquette, P. F., C. G. Scanes, and L. A. Muir. 1984. Effects of 
ovine growth hormone and other anterior pituitary hormones 
on lipolysis of rat and ovine adipose tissue in vitro.  J. Anim. 
Sci.  58:1191–1197.

D’Urso, S., M. I. Cutrignelli, S. Calabro, F. Bovera, R. Tudisco, V. 
Piccolo, and F. Infascelli. 2008. Influence of pasture on fatty 
acid profile of goat milk.  J. Anim. Phys. Anim. Nutr.  92:405–
410.

Estany, J., M. Tor, D. Villalba, L. Bosch, D. Gallardo, N. Jimenez, 
L. Altet, J. L. Noguera, J. Reixach, M. Amills, and A. Sanchez. 
2007. Association of CA repeat polymorphism at intron 1 of 
insulin-like growth factor (IGF-I) gene with circulating IGF-I 
concentration, growth, and fatness in swine.  Physiol. Genom-
ics  31:236–243.

Estelle, J., M. Perez-Enciso, A. Mercade, L. Varona, E. Alves, A. 
Sanchez, and J. M. Folch. 2006. Characterization of the porcine 
FABP5 gene and its association with the FAT1 QTL in an Ibe-
rian by Landrace cross.  Anim. Genet.  37:589–591.

Fajas, L., R. L. Landsberg, Y. Huss-Garcia, C. Sardet, J. A. Lees, 
and J. Auwerx. 2002. E2Fs regulate adipocyte differentiation.  
Dev. Cell  3:39–49.

Farmer, S. R. 2005. Regulation of PPARgamma activity during 
adipogenesis.  Int. J. Obes. Relat. Metab. Disord.  29(Suppl. 
1):S13–S16.

Felton, E. E., and M. S. Kerley. 2004. Performance and carcass qual-
ity of steers fed different sources of dietary fat.  J. Anim. Sci.  
82:1794–1805.

Fernyhough, M. E., G. J. Hausman, L. L. Guan, E. Okine, S. S. 
Moore, and M. V. Dodson. 2008. Mature adipocytes may be a 
source of stem cells for tissue engineering.  Biochem. Biophys. 
Res. Commun.  368:455–457.

Fernyhough, M. E., D. L. Helterline, J. L. Vierck, G. J. Hausman, 
R. A. Hill, and M. V. Dodson. 2005. Dedifferentiation of mature 
adipocytes to form adipofibroblasts: More than just a possibil-
ity.  Adipocytes  1:17–24.

Fernyhough, M. E., E. Okine, G. Hausman, J. L. Vierck, and M. V. 
Dodson. 2007. PPARγ and GLUT-4 expression as developmen-
tal regulators/markers for preadipocyte differentiation into an 
adipocyte.  Domest. Anim. Endocrinol.  33:367–378.

Flier, J. S. 1995. The adipocyte: Storage depot or node on the en-
ergy information superhighway?  Cell  80:15–18.

Fortin, A., W. M. Robertson, and A. K. W. Tong. 2005. The eating 
quality of Canadian pork and its relationship with intramuscu-
lar fat.  Meat Sci.  69:297–305.

Franco, M. M., R. C. Antunes, H. D. Silva, and L. R. Goulart. 2005. 
Association of PIT1, GH and GHRH polymorphisms with per-
formance and carcass traits in Landrace pigs.  J. Appl. Genet.  
46:195–200.

Frederich, R. C., A. Hamann, S. Anderson, B. Lollmann, B. B. Low-
ell, and J. S. Flier. 1995. Leptin levels reflect body lipid content 
in mice: Evidence for diet-induced resistance to leptin action.  
Nat. Med.  1:1311–1314.

Fujimoto, K., T. Sasaki, M. Nemoto, N. Nakai, K. Sakai, K. Ya-
masaki, Y. Hiki, T. Ohashi, Y. Eto, and N. Tajima. 2005. En-
hanced insulin secretion from engineered 3T3–L1 preadipocytes 
by induction of cellular differentiation.  Mol. Cell. Biochem.  
268:1–8.

Gaillard, D., M. Wabitsch, B. Pipy, and R. Negrel. 1991. Control of 
terminal differentiation of adipose precursor cells by glucocorti-
coids.  J. Lipid Res.  32:569–579.

Garcia, F., R. D. Sainz, J. Agabriel, and J. W. Oltjen. 2007. Dynamic 
integration of biological processes into models: Contribution to 
prediction of cattle growth and body composition. Pages 489–
490 in Energy and Protein Metabolism and Nutrition. Eur. As-
soc. Anim. Prod. No. 124. I. Ortigues-Marty, ed. Vichy, France. 
Wageningen Acad. Publ., Wageningen, the Netherlands.

Gesta, S., Y. H. Tseng, and C. R. Kahn. 2007. Developmental origin 
of fat: Tracking obesity to its source.  Cell  131:242–256.

Gil, A., C. Maria Aguilera, M. Gil-Campos, and R. Canete. 2007. 
Altered signalling and gene expression associated with the im-
mune system and the inflammatory response in obesity.  Br. J. 
Nutr.  98(Suppl. 1):S121–S126.

Gilbert, C. D., D. K. Lunt, R. K. Miller, and S. B. Smith. 2003. 
Carcass, sensory, and adipose tissue traits of Brangus steers fed 
casein-formaldehyde-protected starch and/or canola lipid.  J. 
Anim. Sci.  81:2457–2468.

Gillis, M., S. Duckett, and J. Sackmann. 2004. Effects of supplemen-
tal rumen-protected conjugated linoleic acid or corn oil on fatty 
acid composition of adipose tissues in beef cattle.  J. Anim. Sci.  
82:1419–1427.

Gimble, J. M., S. Zvonic, Z. E. Floyd, M. Kassem, and M. E. 
Nuttall. 2006. Playing with bone and fat.  J. Cell. Biochem.  
98:251–266.

Givens, D. I. 2005. The role of animal nutrition in improving the 
nutritive value of animal-derived foods in relation to chronic 
disease.  Proc. Nutr. Soc.  64:395–402.

Gorocica-Buenfil, M. A., F. L. Fluharty, T. Bohn, S. J. Schwartz, 
and S. C. Loerch. 2007a. Effect of low vitamin A diets with 
high-moisture or dry corn on marbling and adipose tissue fatty 
acid composition of beef steers.  J. Anim. Sci.  85:3355–3366.

Gorocica-Buenfil, M. A., F. L. Fluharty, and S. C. Loerch. 2008. 
Effect of vitamin A restriction on carcass characteristics and 
immune status of beef steers.  J. Anim. Sci.  86:1609–1616.

Gorocica-Buenfil, M. A., F. L. Fluharty, C. K. Reynolds, and S. C. 
Loerch. 2007b. Effect of dietary vitamin A concentration and 
roasted soybean inclusion on marbling, adipose cellularity, and 
fatty acid composition of beef.  J. Anim. Sci.  85:2230–2242.

Gorocica-Buenfil, M. A., F. L. Fluharty, C. K. Reynolds, and S. C. 
Loerch. 2007c. Effect of dietary vitamin A restriction on mar-
bling and conjugated linoleic acid content in Holstein steers.  J. 
Anim. Sci.  85:2243–2255.

Granlund, L., L. K. Juvet, J. I. Pedersen, and H. I. Nebb. 2003. 
Trans10, cis12-conjugated linoleic acid prevents triacylglycerol 
accumulation in adipocytes by acting as a PPARγ modulator.  
J. Lipid Res.  44:1441–1452.

Gregoire, F., C. Genart, N. Hauser, and C. Remacle. 1991. Gluco-
corticoids induce a drastic inhibition of proliferation and stimu-
late differentiation of adult rat fat cell precursors.  Exp. Cell 
Res.  196:270–278.

Grochowska, R., P. Sorensen, L. Zwierzchowski, M. Snochowski, and 
P. Lovendahl. 2001. Genetic variation in stimulated GH release 
and in IGF-I of young dairy cattle and their associations with 
the leucine/valine polymorphism in the GH gene.  J. Anim. Sci.  
79:470–476.

Grundy, S. M., L. Florentin, D. Nix, and M. F. Whelan. 1988. Com-
parison of monounsaturated fatty acids and carbohydrates for 
reducing raised levels of plasma cholesterol in man.  Am. J. 
Clin. Nutr.  47:965–969.

Guller, S., R. E. Corin, K. Yuan-Wu, and M. Sonenberg. 1991. Up-
regulation of vinculin expression in 3T3 preadipose cells by 
growth hormone.  Endocrinology  129:527–533.

Haak, L., S. De Smet, D. Fremaut, K. Van Walleghem, and K. Raes. 
2008. Fatty acid profile and oxidative stability of pork as influ-
enced by duration and time of dietary linseed or fish oil supple-
mentation.  J. Anim. Sci.  86:1418–1425.

Hackl, H., T. R. Burkard, A. Sturn, R. Rubio, A. Schleiffer, S. Tian, 
J. Quackenbush, F. Eisenhaber, and Z. Trajanoski. 2005. Mo-
lecular processes during fat cell development revealed by gene 

Biology of adipocytes and preadipocytes 1239

 at USDA ARS NAA Library on May 19, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


expression profiling and functional annotation.  Genome Biol.  
6:R108.

Hadenfeldt, T., K. Hargrave, and J. L. Miner. 2005. The interaction 
of dietary CLA and fat source on triglyceride turnover in adi-
pose tissue of mice.  J. Anim. Sci.  83(Suppl. 2):279.

Halsey, C. H., J. L. Bartosh, S. S. Thacker, W. F. Owsley, and W. G. 
Bergen. 2003. Sterol regulatory element binding −1 (SREBP-1), 
peroxisomal-proliferator activating receptor gamma (PPARg), 
fatty acid synthase (FASN) and GLUT4 expression in subcu-
taneous adipose tissue in Pietrain pigs fed the beta adrenergic 
agonist PAYLEAN. FASEB J. 17: A454.418.

Hargrave, K. M., C. L. Li, B. J. Meyer, S. D. Kachman, D. L. 
Hartzell, M. A. Della-Fera, J. L. Miner, and C. A. Baile. 2002. 
Adipose depletion and apoptosis induced by trans-10, cis-12 
conjugated linoleic acid in mice.  Obes. Res.  10:1284–1290.

Hart, H. A., M. J. Azain, G. J. Hausman, D. E. Reeves, and C. 
R. Barb. 2007. Failure of short term feed restriction to affect 
luteinizing hormone and leptin secretion or subcutaneous adi-
pose tissue expression of leptin in the prepuberal gilt.  Can. J. 
Anim. Sci.  87:191–197.

Hart, I. C., P. M. Chadwick, T. C. Boone, K. E. Langley, C. Rud-
man, and L. M. Souza. 1984. A comparison of the growth-
promoting, lipolytic, diabetogenic and immunological proper-
ties of pituitary and recombinant-DNA-derived bovine growth 
hormone (somatotropin).  Biochem. J.  224:93–100.

Hassan, M., C. El Yazidi, J. F. Landrier, D. Lairon, A. Margotat, 
and M. J. Amiot. 2007. Phloretin enhances adipocyte differen-
tiation and adiponectin expression in 3T3–L1 cells.  Biochem. 
Biophys. Res. Commun.  361:208–213.

Hauner, H., G. Entenmann, M. Wabitsch, D. Gaillard, G. Ailhaud, 
R. Negrel, and E. F. Pfeiffer. 1989. Promoting effect of gluco-
corticoids on the differentiation of human adipocyte precursor 
cells cultured in a chemically defined medium.  J. Clin. Invest.  
84:1663–1670.

Hauner, H., K. Rohrig, and T. Petruschke. 1995. Effects of epidermal 
growth factor (EGF), platelet-derived growth factor (PDGF) 
and fibroblast growth factor (FGF) on human adipocyte devel-
opment and function.  Eur. J. Clin. Invest.  25:90–96.

Hausman, D. B., M. DiGirolamo, T. J. Bartness, G. J. Hausman, 
and R. J. Martin. 2001. The biology of white adipocyte prolif-
eration.  Obes. Rev.  2:239–254.

Hausman, G. J. 1989. The influence of insulin, triiodothyronine (T3) 
and insulin-like growth factor-I (IGF-1) on the differentiation 
of preadipocytes in serum-free cultures of pig stromal-vascular 
cells.  J. Anim. Sci.  67:3136–3143.

Hausman, G. J., C. R. Barb, and R. G. Dean. 2007. Patterns of gene 
expression in pig adipose tissue: Transforming growth factors, 
interferons, IL and apolipoproteins.  J. Anim. Sci.  85:2445–
2456.

Hausman, G. J., C. R. Barb, and R. G. Dean. 2008. Patterns of 
gene expression in pig adipose tissue: Insulin-like growth fac-
tor system proteins, neuropeptide Y (NPY), NPY receptors, 
neurotrophic factors and other secreted factors.  Domest. Anim. 
Endocrinol.  35:24–34.

Hausman, G. J., D. R. Campion, and R. J. Martin. 1980. Search for 
the adipocyte precursor cell and factors that promote its dif-
ferentiation.  J. Lipid Res.  21:657–670.

Hausman, G. J., and D. B. Hausman. 2006. Search for the preadipo-
cyte progenitor cell.  J. Clin. Invest.  116:3103–3106.

Hausman, G. J., S. P. Poulos, R. L. Richardson, C. R. Barb, T. An-
dacht, H. C. Kirk, and R. L. Mynatt. 2006. Secreted proteins 
and genes in fetal and neonatal pig adipose tissue and stromal-
vascular cells.  J. Anim. Sci.  84:1666–1681.

Hausman, G. J., and R. L. Richardson. 2004. Adipose tissue angio-
genesis.  J. Anim. Sci.  82:925–934.

Hausman, G. J., R. L. Richardson, and F. A. Simmen. 2002. Se-
cretion of insulin-like growth factor (IGF)-I and -II and IGF 
binding proteins (IGFBPs) in fetal stromal-vascular (S-V) cell 
cultures obtained before and after the onset of adipogenesis in 
vivo.  Growth Dev. Aging  66:11–26.

He, M., O. Stoevesandt, and M. J. Taussig. 2008. In situ synthesis of 
protein arrays.  Curr. Opin. Biotechnol.  19:4–9.

Heino, J., and J. Massague. 1990. Cell adhesion to collagen and 
decreased myogenic gene expression implicated in the control of 
myogenesis by transforming growth factor beta.  J. Biol. Chem.  
265:10181–10184.

Hertz, R., I. Berman, D. Keppler, and J. Bar-Tana. 1996. Activation 
of gene transcription by prostacyclin analogues is mediated by 
the peroxisome-proliferators-activated receptor (PPAR).  Eur. 
J. Biochem.  235:242–247.

Herzberg, G. R., and M. Rogerson. 1988. Hepatic fatty acid synthe-
sis and triglyceride secretion in rats fed fructose- or glucose-
based diets containing corn oil, tallow or marine oil.  J. Nutr.  
118:1061–1067.

Hill, R. A., F. R. Dunshea, and M. V. Dodson. 2003. Growth of 
Livestock. Pages 342–364 in Biology of Growth in Domestic 
Animals. C. G. Scanes, ed. Iowa State Press, Ames.

Hirai, S., H. Matsumoto, N. Hino, H. Kawachi, T. Matsui, and H. 
Yano. 2007a. Myostatin inhibits differentiation of bovine pread-
ipocyte.  Domest. Anim. Endocrinol.  32:1–14.

Hirai, S., H. Matsumoto, N. H. Moriya, H. Kawachi, and H. Yano. 
2007b. Follistatin rescues the inhibitory effect of activin A on 
the differentiation of bovine preadipocyte.  Domest. Anim. En-
docrinol.  33:269–280.

Hishikawa, D., Y. H. Hong, S. G. Roh, H. Miyahara, Y. Nishimura, 
A. Tomimatsu, H. Tsuzuki, C. Gotoh, M. Kuno, K. C. Choi, H. 
G. Lee, K. K. Cho, H. Hidari, and S. Sasaki. 2005. Identification 
of genes expressed differentially in subcutaneous and visceral 
fat of cattle, pig, and mouse.  Physiol. Genomics  21:343–350.

Hoashi, S., N. Ashida, H. Ohsaki, T. Utsugi, S. Sasazaki, M. Tani-
guchi, K. Oyama, F. Mukai, and H. Mannen. 2007. Genotype of 
bovine sterol regulatory element binding protein-1 (SREBP-1) 
is associated with fatty acid composition in Japanese Black 
cattle.  Mamm. Genome  18:880–886.

Hoch, T., and J. Agabriel. 2004. A mechanistic dynamic model to 
estimate beef cattle growth and body composition: 1. Model 
description.  Agric. Syst.  81:1–15.

Holly, J., M. Sabin, C. Perks, and J. Shield. 2006. Adipogenesis and 
IGF-1.  Metab. Syndr. Relat. Disord.  4:43–50.

Holtzer, H., N. Rubinstein, S. Fellini, G. Yeoh, J. Chi, J. Birnbaum, 
and M. Okayama. 1975. Lineages, quantal cell cycles, and the 
generation of cell diversity.  Q. Rev. Biophys.  8:523–557.

Hood, R. L. 1982. Relationships among growth, adipose cell size, 
and lipid metabolism in ruminant adipose tissue.  Fed. Proc.  
41:2555–2561.

Hood, R. L., and C. E. Allen. 1973. Cellularity of bovine adipose 
tissue.  J. Lipid Res.  14:605–610.

Hood, R. L., and C. E. Allen. 1978. Lipogenesis in isolated intra-
muscular adipose tissue from four bovine muscles.  J. Anim. 
Sci.  46:1626–1633.

Hotta, K., T. Funahashi, Y. Arita, M. Takahashi, M. Matsuda, Y. 
Okamoto, H. Iwahashi, H. Kuriyama, N. Ouchi, K. Maeda, 
M. Nishida, S. Kihara, N. Sakai, T. Nakajima, K. Hasegawa, 
M. Muraguchi, Y. Ohmoto, T. Nakamura, S. Yamashita, T. 
Hanafusa, and Y. Matsuzawa. 2000. Plasma concentrations of a 
novel, adipose-specific protein, adiponectin, in type 2 diabetic 
patients.  Arterioscler. Thromb. Vasc. Biol.  20:1595–1599.

Hotta, K., T. Funahashi, N. L. Bodkin, H. K. Ortmeyer, Y. Arita, 
B. C. Hansen, and Y. Matsuzawa. 2001. Circulating concentra-
tions of the adipocyte protein adiponectin are decreased in par-
allel with reduced insulin sensitivity during the progression to 
type 2 diabetes in rhesus monkeys.  Diabetes  50:1126–1133.

House, R. L., J. P. Cassady, E. J. Eisen, T. E. Eling, J. B. Collins, 
S. F. Grissom, and J. Odle. 2005. Functional genomic charac-
terization of delipidation elicited by trans-10, cis-12-conjugated 
linoleic acid (t10c12-CLA) in a polygenic obese line of mice.  
Physiol. Genomics  21:351–361.

Houseknecht, K. L., C. A. Baile, R. L. Matteri, and M. E. Spurlock. 
1998. The biology of leptin: A review.  J. Anim. Sci.  76:1405–
1420.

Hausman et al.1240

 at USDA ARS NAA Library on May 19, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


Hu, X., M. She, H. Hou, Q. Li, Q. Shen, Y. Luo, and W. Yin. 
2007a. Adiponectin decreases plasma glucose and improves in-
sulin sensitivity in diabetic swine.  Acta Biochim. Biophys. Sin. 
(Shanghai)  39:131–136.

Hu, Z. L., E. R. Fritz, and J. M. Reecy. 2007b. AnimalQTLdb: A 
livestock QTL database tool set for positional QTL information 
mining and beyond.  Nucleic Acids Res.  35:D604–D609.

Huerta-Leidenz, N. O., H. R. Cross, J. W. Savell, D. K. Lunt, J. F. 
Baker, and S. B. Smith. 1996. Fatty acid composition of sub-
cutaneous adipose tissue from male calves at different stages of 
growth.  J. Anim. Sci.  74:1256–1264.

Huff-Lonergan, E., T. J. Baas, M. Malek, J. C. Dekkers, K. Prusa, 
and M. F. Rothschild. 2002. Correlations among selected pork 
quality traits.  J. Anim. Sci.  80:617–627.

Iavarone, A., and A. Lasorella. 2006. ID proteins as targets in cancer 
and tools in neurobiology.  Trends Mol. Med.  12:588–594.

Ip, C., J. A. Scimeca, and H. J. Thompson. 1994. Conjugated linole-
ic acid: A powerful anticarcinogen from animal sources.  Cancer  
(Suppl. 74). 1050–1054.

Irie, M., and M. Sakimoto. 1992. Fat characteristics of pigs fed fish 
oil containing eicosapentaenoic and docosahexaenoic acids.  J. 
Anim. Sci.  70:470–477.

Jacobi, S. K., K. M. Ajuwon, T. E. Weber, J. L. Kuske, C. J. Dyer, 
and M. E. Spurlock. 2004. Cloning and expression of porcine 
adiponectin, and its relationship to adiposity, lipogenesis and 
the acute phase response.  J. Endocrinol.  182:133–144.

Jacobi, S. K., N. K. Gabler, K. M. Ajuwon, J. E. Davis, and M. E. 
Spurlock. 2006. Adipocytes, myofibers, and cytokine biology: 
New horizons in the regulation of growth and body composi-
tion.  J. Anim. Sci.  84(Suppl.):E140–E149.

Jiang, Z., T. Kunej, J. J. Michal, C. T. Gaskins, J. J. Reeves, J. R. 
Busboom, P. Dovc, and R. W. Wright Jr. 2005. Significant as-
sociations of the mitochondrial transcription factor A promoter 
polymorphisms with marbling and subcutaneous fat depth in 
Wagyu × Limousin F2 crosses.  Biochem. Biophys. Res. Com-
mun.  334:516–523.

Jiang, Z., J. J. Michal, D. J. Tobey, T. F. Daniels, D. C. Rule, and 
M. D. MacNeil. 2008a. Significant associations of stearoyl-CoA 
desaturase (SCD1) gene with fat deposition and composition in 
skeletal muscle.  Int. J. Biol. Sci.  4:345–351.

Jiang, Z., J. J. Michal, D. J. Tobey, Z. Wang, M. D. Macneil, and N. 
S. Magnuson. 2008b. Comparative understanding of UTS2 and 
UTS2R genes for their involvement in type 2 diabetes mellitus.  
Int. J. Biol. Sci.  4:96–102.

Jiang, Z., J. J. Michal, G. A. Williams, T. F. Daniels, and T. Kunej. 
2006. Cross species association examination of UCN3 and 
CRHR2 as potential pharmacological targets for antiobesity 
drugs.  PLoS One  1:e80.

Jiang, Z., S. S. Pappu, and M. F. Rothschild. 2007. Hitting the 
jackpot twice: Identifying and patenting gene tests related to 
muscle lipid accumulation for meat quality in animals and type 
2 diabetes/obesity in humans.  Recent Patents on DNA & Gene 
Sequences  1:100–111.

JMGA. 1988. Japanese Carcass Grading Standards. Chiyoda-du, 
Tokyo, Japan.

Jose, A. A. F. B. V., M. A. S. Gama, and D. D. P. Lanna. 2008. 
Effects of trans-10, cis-12 conjugated linoleic acid on gene ex-
pression and lipid metabolism of adipose tissue of growing pigs.  
Genet. Mol. Res.  7:284–294.

Jung, K. K., and C. B. Choi. 2003. Development of technologies to 
improve competitiveness of Hanwoo. Pages 85–98 in Report to 
the Ministry of Agriculture. Seoul, Korea.

Kennedy, S. R., R. Bickerdike, R. K. Berge, A. R. Porter, and D. 
R. Tocher. 2007. Influence of dietary conjugated linoleic acid 
(CLA) and tetradecylthioacetic acid (TTA) on growth, lipid 
composition and key enzymes of fatty acid oxidation in liver 
and muscle of Atlantic cod (Gadus morhua L.).  Aquaculture  
264:372–382.

Kennell, J. A., E. E. O’Leary, B. M. Gummow, G. D. Hammer, and 
O. A. MacDougald. 2003. T-cell factor 4N (TCF-4N), a novel 
isoform of mouse TCF-4, synergizes with beta-catenin to co-

activate C/EBPalpha and steroidogenic factor 1 transcription 
factors.  Mol. Cell. Biol.  23:5366–5375.

Kepler, C. R., K. P. Hirons, J. J. McNeill, and S. B. Tove. 1966. Inter-
mediates and products of the biohydrogenation of linoleic acid by 
Butyrivibrio fibrisolvens.  J. Biol. Chem.  241:1350–1354.

Khanal, R. C., T. R. Dhiman, and R. L. Boman. 2008. Changes in 
fatty acid composition of milk from lactating dairy cows during 
transition to and from pasture.  Livest. Sci.  114:164–175.

Khatib, H., E. Heifetz, and J. C. Dekkers. 2005. Association of the 
protease inhibitor gene with production traits in Holstein dairy 
cattle.  J. Dairy Sci.  88:1208–1213.

Khatib, H., S. D. Leonard, V. Schutzkus, W. Luo, and Y. M. Chang. 
2006. Association of the OLR1 gene with milk composition in 
Holstein dairy cattle.  J. Dairy Sci.  89:1753–1760.

Khatib, H., R. L. Monson, V. Schutzkus, D. M. Kohl, G. J. Rosa, 
and J. J. Rutledge. 2008. Mutations in the STAT5A gene are 
associated with embryonic survival and milk composition in 
cattle.  J. Dairy Sci.  91:784–793.

Khatib, H., I. Zaitoun, J. Wiebelhaus-Finger, Y. M. Chang, and G. 
J. Rosa. 2007. The association of bovine PPARGC1A and OPN 
genes with milk composition in two independent Holstein cattle 
populations.  J. Dairy Sci.  90:2966–2970.

Kim, H. B., M. Kong, T. M. Kim, Y. H. Suh, W. H. Kim, J. H. Lim, 
J. H. Song, and M. H. Jung. 2006. NFATc4 and ATF3 negative-
ly regulate adiponectin gene expression in 3T3–L1 adipocytes.  
Diabetes  55:1342–1352.

Kim, J. W., H. Monila, A. Pandey, and M. D. Lane. 2007. Upstream 
stimulatory factors regulate the C/EBP alpha gene during dif-
ferentiation of 3T3–L1 preadipocytes.  Biochem. Biophys. Res. 
Commun.  354:517–521.

Kim, K. S., H. Thomsen, J. Bastiaansen, N. T. Nguyen, J. C. 
Dekkers, G. S. Plastow, and M. F. Rothschild. 2004. Investiga-
tion of obesity candidate genes on porcine fat deposition quan-
titative trait loci regions.  Obes. Res.  12:1981–1994.

Kim, K. Y., J. K. Kim, J. H. Jeon, S. R. Yoon, I. Choi, and Y. Yang. 
2005. c-Jun N-terminal kinase is involved in the suppression of 
adiponectin expression by TNF-alpha in 3T3–L1 adipocytes.  
Biochem. Biophys. Res. Commun.  327:460–467.

Kita, A., H. Yamasaki, H. Kuwahara, A. Moriuchi, K. Fukushima, 
M. Kobayashi, T. Fukushima, R. Takahashi, N. Abiru, S. 
Uotani, E. Kawasaki, and K. Eguchi. 2005. Identification of the 
promoter region required for human adiponectin gene transcrip-
tion: Association with CCAAT/enhancer binding protein-beta 
and tumor necrosis factor-alpha.  Biochem. Biophys. Res. Com-
mun.  331:484–490.

Kliewer, S. A., J. M. Lenhard, T. M. Willson, I. Patel, D. C. Mor-
ris, and J. M. Lehmann. 1995. A prostaglandin J2 metabolite 
binds peroxisome proliferator-activated receptor gamma and 
promotes adipocyte differentiation.  Cell  83:813–819.

Kobayashi, H., N. Ouchi, S. Kihara, K. Walsh, M. Kumada, Y. Abe, 
T. Funahashi, and Y. Matsuzawa. 2004. Selective suppression 
of endothelial cell apoptosis by the high molecular weight form 
of adiponectin.  Circ. Res.  94:e27–e31.

Kokta, T. A., M. V. Dodson, A. Gertler, and R. A. Hill. 2004. In-
tercellular signaling between adipose tissue and muscle tissue.  
Domest. Anim. Endocrinol.  27:303–331.

Komatsu, T., F. Itoh, S. Mikawa, and K. Hodate. 2003. Gene expres-
sion of resistin in adipose tissue and mammary gland of lactat-
ing and non-lactating cows.  J. Endocrinol.  178:R1–R5.

Kris-Etherton, P. M., T. D. Etherton, J. Carlson, and C. Gardner. 
2002. Recent discoveries in inclusive food-based approaches and 
dietary patterns for reduction in risk for cardiovascular disease.  
Curr. Opin. Lipidol.  13:397–407.

Kunej, T., Z. Wang, J. J. Michal, T. F. Daniels, N. S. Magnuson, 
and Z. Jiang. 2007. Functional UQCRC1 polymorphisms affect 
promoter activity and body lipid accumulation.  Obesity (Silver 
Spring)  15:2896–2901.

Lee, K. C., M. J. Azain, M. D. Hardin, and S. E. Williams. 1994. Ef-
fect of porcine somatotropin (pST) treatment and withdrawal 
on performance and adipose tissue cellularity in finishing swine.  
J. Anim. Sci.  72:1702–1711.

Biology of adipocytes and preadipocytes 1241

 at USDA ARS NAA Library on May 19, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


Lee, S. H., D. H. Yoon, N. J. Choi, S. H. Hwang, E. Y. Cheong, 
S. J. Oh, I. C. Cheong, and C. S. Lee. 2005. Developmental 
relationship of unsaturated fatty acid composition and stearoyl-
CoA desaturase mRNA level in Hanwoo steers’ muscle.  Asian-
australas. J. Anim. Sci.  18:562–566.

Leheska, J. M., L. D. Thompson, J. C. Howe, E. Hentges, J. Boyce, 
J. C. Brooks, B. Shriver, L. Hoover, and M. F. Miller. 2008. Ef-
fects of conventional and grass feeding systems on the nutrient 
composition of beef. J. Anim. Sci. 86:3575–3585.

Leskanich, C. O., K. R. Matthews, C. C. Warkup, R. C. Noble, and 
M. Hazzledine. 1997. The effect of dietary oil containing (n-3) 
fatty acids on the fatty acid, physicochemical, and organoleptic 
characteristics of pig meat and fat.  J. Anim. Sci.  75:673–683.

Li, J. J., and D. Xie. 2007. Cleavage of focal adhesion kinase (FAK) 
is essential in adipocyte differentiation.  Biochem. Biophys. 
Res. Commun.  357:648–654.

Lin, K. C., H. R. Cross, and S. B. Smith. 1992. Esterification of 
fatty acids by bovine intramuscular and subcutaneous adipose 
tissues.  Lipids  27:111–116.

Litthauer, D., and G. Serrero. 1992. The primary culture of mouse 
adipocyte precursor cells in defined medium.  Comp. Biochem. 
Physiol. A  101:59–64.

Liu, J., S. M. DeYoung, M. Zhang, M. Zhang, A. Cheng, and A. R. 
Saltiel. 2005. Changes in integrin expression during adipocyte 
differentiation.  Cell Metab.  2:165–177.

Lkhagvadorj, S., L. Qu, W. Cai, O. Coulture, Y. Wang, R. Barb, G. 
Hausman, R. Rekaya, L. Anderson, J. Dekkers, D. Nettleton, 
and C. Tuggle. 2006. Use of transcriptional profiling to under-
stand genetic mechanisms controlling feed intake and efficiency 
in pigs.  Proc. Int. Soc. Anim. Genet.  22:C532.

Lkhagvadorj, S., L. Qu, W. Cai, O. P. Couture, Y. Wang, C. R. 
Barb, G. J. Hausman, R. Rekaya, D. S. Nettleton, L. L. Ander-
son, J. C. M. Dekkers, and C. K. Tuggle. 2008. Sterol regula-
tory transcription factor-1: Key regulator of fasting response in 
the adipose tissue in pigs.  FASEB J.  22:1205–1206.

Loor, J., and J. Herbein. 1998. Exogenous conjugated linoleic acid 
isomers reduce bovine milk fat concentration and yield by in-
hibiting de novo fatty acid synthesis.  J. Nutr.  128:2411–2419.

Lord, E., S. Ledoux, B. D. Murphy, D. Beaudry, and M. F. Palin. 
2005. Expression of adiponectin and its receptors in swine.  J. 
Anim. Sci.  83:565–578.

Louveau, I., and F. Gondret. 2004. Regulation of development and 
metabolism of adipose tissue by growth hormone and the in-
sulin-like growth factor system.  Domest. Anim. Endocrinol.  
27:241–255.

Luetteke, N. C., D. C. Lee, R. D. Palmiter, R. L. Brinster, and E. 
P. Sandgren. 1993. Regulation of fat and muscle development 
by transforming growth factor alpha in transgenic mice and in 
cultured cells.  Cell Growth Differ.  4:203–213.

Macajova, M., D. Lamosova, and M. Zeman. 2004. Role of leptin in 
farm animals: A review.  J. Vet. Med. A Physiol. Pathol. Clin. 
Med.  51:157–166.

Maffei, M., J. Halaas, E. Ravussin, R. E. Pratley, G. H. Lee, Y. 
Zhang, H. Fei, S. Kim, R. Lallone, and S. Ranganathan. 1995. 
Leptin levels in human and rodent: Measurement of plasma 
leptin and ob RNA in obese and weight-reduced subjects.  Nat. 
Med.  1:1155–1161.

Martin, G. S., D. K. Lunt, K. G. Britain, and S. B. Smith. 1999. 
Postnatal development of stearoyl coenzyme A desaturase gene 
expression and adiposity in bovine subcutaneous adipose tissue.  
J. Anim. Sci.  77:630–636.

Martin, R. J., D. R. Campion, G. J. Hausman, and J. H. Gahagan. 
1984. Serum hormones and metabolites in fetally decapitated 
pigs.  Growth  48:158–165.

May, S. G., N. S. Burney, J. J. Wilson, J. W. Savell, A. D. Herring, 
D. K. Lunt, J. F. Baker, J. O. Sanders, and S. B. Smith. 1995. 
Lipogenic activity of intramuscular and subcutaneous adipose 
tissues from steers produced by different generations of Angus 
sires.  J. Anim. Sci.  73:1310–1317.

May, S. G., C. A. Sturdivant, D. K. Lunt, R. K. Miller, and S. B. 
Smith. 1993. Comparison of sensory characteristics and fatty 

acid composition between Wagyu crossbred and Angus steers.  
Meat Sci.  35:389–398.

McMillen, I. C., B. S. Muhlhausler, J. A. Duffield, and B. S. Yuen. 
2004. Prenatal programming of postnatal obesity: Fetal nutri-
tion and the regulation of leptin synthesis and secretion before 
birth.  Proc. Nutr. Soc.  63:405–412.

McNeel, R. L., and H. J. Mersmann. 2003. Effects of isomers of 
conjugated linoleic acid on porcine adipocyte growth and dif-
ferentiation.  J. Nutr. Biochem.  14:266–274.

McPhee, M. J., J. W. Oltjen, J. Fadel, and R. D. Sainz. 2007a. Simu-
lation model of fat deposition and distribution in beef steers: 
3. Model description and development.  J. Anim. Sci.  (Suppl. 
1) 85:609.

McPhee, M. J., J. W. Oltjen, J. G. Fadel, and R. D. Sainz. 2007b. 
Simulation model of fat deposition and distribution in beef 
steers: 4. Model evaluation.  J. Anim. Sci.  (Suppl. 1) 85:609.

Meadus, W. J., R. MacInnis, and M. E. R. Dugan. 2002. Prolonged 
dietary treatment with conjugated linoleic acid stimulates por-
cine muscle peroxisome proliferator activated receptor g and 
glutamine-fructose aminotransferase gene expression in vivo.  J. 
Mol. Endocrinol.  28:79–86.

Michal, J. J., Z. W. Zhang, C. T. Gaskins, and Z. Jiang. 2006. The 
bovine fatty acid binding protein 4 gene is significantly associ-
ated with marbling and subcutaneous fat depth in Wagyu × 
Limousin F2 crosses.  Anim. Genet.  37:400–402.

Miller, R. S., K. G. Becker, V. Prabhu, and D. W. Cooke. 2008. Adi-
pocyte gene expression is altered in formerly obese mice and as 
a function of diet composition.  J. Nutr.  138:1033–1038.

Mimbs, K. J., T. D. Pringle, M. J. Azain, S. A. Meers, and T. 
A. Armstrong. 2005. Effects of ractopamine on performance 
and composition of pigs phenotypically sorted into fat and lean 
groups.  J. Anim. Sci.  83:1361–1369.

Miner, J. L. 2004. The adipocyte as an endocrine cell.  J. Anim. Sci.  
82:935–941.

Mir, P. S., T. A. McAllister, S. Scott, J. Aalhus, V. Baron, D. McCa-
rtney, E. Charmley, L. Goonewardene, J. Basarab, E. Okine, R. 
J. Westlake, and Z. Mir. 2004. Conjugated linoleic acid-enriched 
beef production.  Am. J. Clin. Nutr.  79:1207S–1211S.

Mir, P. S., Z. Mir, P. S. Kubert, C. T. Gaskins, E. L. Martin, M. 
V. Dodson, J. A. Calles, K. A. Johnson, J. R. Busboom, A. 
J. Wood, G. J. Pittenger, and J. J. Reeves. 2002. Growth, 
carcass characteristics, muscle conjugated linoleic acid (CLA) 
content, and response to intravenous glucose challenge in high 
percentage Wagyu, Wagyu × Limousin, and Limousin steers 
fed sunflower oil-containing diet.  J. Anim. Sci.  80:2996–
3004.

Mir, P. S., K. S. Schwartzkopf-Genswein, T. Entz, K. K. Klein, E. 
Okine, and M. V. Dodson. 2008. Effect of short duration feed 
withdrawl followed by full feeding on marbling fat in beef car-
casses.  Livest. Sci.  116:22–29.

Moldes, M., M. Boizard, X. L. Liepvre, B. Feve, I. Dugail, and J. 
Pairault. 1999. Functional antagonism between inhibitor of DNA 
binding (Id) and adipocyte determination and differentiation 
factor 1/sterol regulatory element-binding protein-1c (ADD1/
SREBP-1c) trans-factors for the regulation of fatty acid syn-
thase promoter in adipocytes.  Biochem. J.  344:873–880.

Molnar, G. R., and M. V. Dodson. 1993. Satellite cells isolated from 
sheep skeletal muscle are heterogeneous.  Basic Appl. Myol.  
3:173–180.

Moody, W. B., and R. G. Cassens. 1968. A quantitative and mor-
phological study of bovine longissimus fat cells.  J. Food Sci.  
33:47–55.

Mori, T., H. Sakaue, H. Iguchi, H. Gomi, Y. Okada, Y. Takashima, 
K. Nakamura, T. Nakamura, T. Yamauchi, N. Kubota, T. Ka-
dowaki, Y. Matsuki, W. Ogawa, R. Hiramatsu, and M. Kasuga. 
2005. Role of Kruppel-like factor 15 (KLF15) in transcriptional 
regulation of adipogenesis.  J. Biol. Chem.  280:12867–12875.

Morris, C. A., N. G. Cullen, B. C. Glass, D. L. Hyndman, T. R. 
Manley, S. M. Hickey, J. C. McEwan, W. S. Pitchford, C. D. 
Bottema, and M. A. Lee. 2007. Fatty acid synthase effects on 
bovine adipose fat and milk fat.  Mamm. Genome  18:64–74.

Hausman et al.1242

 at USDA ARS NAA Library on May 19, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


Mourot, J., and D. Hermier. 2001. Lipids in monogastric animal 
meat.  Reprod. Nutr. Dev.  41:109–118.

Murad, H., C. Fiatte, E. Brunner, C. Huin-Schohn, H. Schohn, P. 
Becuwe, L. Domenjoud, and M. Dauca. 2007. (PPARs and cell-
cell or cell-extracellular matrix interactions ). Med. Sci. (Paris)  
23:515–518.

Nafikov, R. A., and D. C. Beitz. 2007. Carbohydrate and lipid me-
tabolism in farm animals.  J. Nutr.  137:702–705.

Navarro, V., A. Zabala, M. T. Macarulla, A. Fernandez-Quintela, 
V. M. Rodriguez, E. Simon, and M. P. Portillo. 2003. Effects of 
conjugated linoleic acid on body fat accumulation and serum 
lipids in hamsters fed an atherogenic diet.  J. Physiol. Biochem.  
59:193–200.

Negrel, R., P. Grimaldi, and G. Ailhaud. 1981. Differentiation of ob 
17 preadipocytes to adipocytes. Effects of prostaglandin F2al-
pha and relationship to prostaglandin synthesis.  Biochim. Bio-
phys. Acta  666:15–24.

Nielsen, A. R., and B. K. Pedersen. 2007. The biological roles of ex-
ercise-induced cytokines: IL-6, IL-8, and IL-15.  Appl. Physiol. 
Nutr. Metab.  32:833–839.

Noci, F., F. J. Monahan, P. French, and A. P. Moloney. 2005. The 
fatty acid composition of muscle fat and subcutaneous adipose 
tissue of pasture-fed beef heifers: Influence of the duration of 
grazing.  J. Anim. Sci.  83:1167–1178.

Novakofski, J. 2004. Adipogenesis: Usefulness of in vitro and in vivo 
experimental models.  J. Anim. Sci.  82:905–915.

Otieno, C. J., J. Bastiaansen, A. M. Ramos, and M. F. Rothschild. 
2005. Mapping and association studies of diabetes related genes 
in the pig.  Anim. Genet.  36:36–42.

Otto, T. C., and M. D. Lane. 2005. Adipose development: From stem 
cell to adipocyte.  Crit. Rev. Biochem. Mol. Biol.  40:229–242.

Ovilo, C., A. Fernandez, J. L. Noguera, C. Barragan, R. Leton, C. 
Rodriguez, A. Mercade, E. Alves, J. M. Folch, L. Varona, and 
M. Toro. 2005. Fine mapping of porcine chromosome 6 QTL 
and LEPR effects on body composition in multiple generations 
of an Iberian by Landrace intercross.  Genet. Res.  85:57–67.

Owens, F. N., P. Dubeski, and C. F. Hanson. 1993. Factors that 
alter the growth and development of ruminants.  J. Anim. Sci.  
71:3138–3150.

Page, G. P., S. O. Zakharkin, K. Kim, T. Mehta, L. Chen, and 
K. Zhang. 2007. Microarray analysis.  Methods Mol. Biol.  
404:409–430.

Pariza, M. W., and W. A. Hargraves. 1985. A beef-derived mu-
tagenesis modulator inhibits initiation of mouse epidermal 
tumors by 7,12-dimethylbenz[a]anthracene.  Carcinogenesis  
6:591–593.

Park, K. W., H. Waki, C. J. Villanueva, L. A. Monticelli, C. Hong, 
S. Kang, O. A. Macdougald, A. W. Goldrath, and P. Ton-
tonoz. 2008. Id2 is a small molecule-inducible modulator of 
PPAR{gamma} expression and adipocyte differentiation.  Mol. 
Endocrinol.  22:2038–2048.

Pettigrew, J. E., and R. L. Moser. 1991. Fat in Swine Nutrition. 
Pages 133–145 in Swine Nutrition. E. R. Miller, D. E. Ullrey, 
and A. J. Lewis, ed. Butterworth-Heineman, Stoneham, MA.

Piperova, L. S., J. Sampugna, B. B. Teter, K. F. Kalscheur, M. 
P. Yurawecz, Y. Ku, K. M. Morehouse, and R. A. Erdman. 
2002. Duodenal and milk trans octadecenoic acid and conju-
gated linoleic acid (CLA) isomers indicate that postabsorptive 
synthesis is the predominant source of cis-9-containing CLA in 
lactating dairy cows.  J. Nutr.  132:1235–1241.

Raes, K., S. De Smet, and D. Demeyer. 2004. Effect of dietary fatty 
acids on incorporation of long chain polyunsaturated fatty acids 
and conjugated linoleic acid in lamb, beef and pork meat: A 
review.  Anim. Feed Sci. Technol.  113:199–221.

Raes, K., S. De Smet, and D. Demeyer. 2001. Effect of double-
muscling in Belgian Blue young bulls on the intramuscular fatty 
acid composition with emphasis on conjugated linoleic acid and 
polyunsaturated fatty acids.  Anim. Sci.  73:253–260.

Rahman, A., S. G. Kumar, S. W. Kim, H. J. Hwang, Y. M. Baek, S. 
H. Lee, H. S. Hwang, Y. H. Shon, K. S. Nam, and J. W. Yun. 
2008. Proteomic analysis for inhibitory effect of chitosan oligo-

saccharides on 3T3–L1 adipocyte differentiation.  Proteomics  
8:569–581.

Ramsay, T. G. 1985. Central and systemic regulation of prenatal 
and postnatal preadipocyte development. Dissertation. Univ. 
Georgia, Athens.

Ramsay, T. G. 2001. Porcine leptin alters insulin inhibition of lipoly-
sis in porcine adipocytes in vitro.  J. Anim. Sci.  79:653–657.

Ramsay, T. G. 2003. Porcine leptin inhibits lipogenesis in porcine 
adipocytes.  J. Anim. Sci.  81:3008–3017.

Ramsay, T. G., and M. P. Richards. 2004. Hormonal regulation of 
leptin and leptin receptor expression in porcine subcutaneous 
adipose tissue.  J. Anim. Sci.  82:3486–3492.

Ramsay, T. G., X. Yan, and C. Morrison. 1998. The obesity gene 
in swine: Sequence and expression of porcine leptin.  J. Anim. 
Sci.  76:484–490.

Rankinen, T., A. Zuberi, Y. C. Chagnon, S. J. Weisnagel, G. Ar-
gyropoulos, B. Walts, L. Perusse, and C. Bouchard. 2006. The 
human obesity gene map: The 2005 update.  Obesity (Silver 
Spring)  14:529–644.

Reiter, S. S., C. H. C. Halsey, B. M. Stronach, J. L. Bartosh, W. 
F. Owsley, and W. G. Bergen. 2007. Lipid metabolism related 
gene-expression profiling in liver, skeletal muscle and adipose 
tissue in crossbred Duroc and Pietrain pigs.  Comp. Biochem. 
Physiol. D  2:200–206.

Renes, J., F. Bouwman, J. P. Noben, C. Evelo, J. Robben, and E. 
Mariman. 2005. Protein profiling of 3T3–L1 adipocyte differen-
tiation and (tumor necrosis factor alpha-mediated) starvation.  
Cell. Mol. Life Sci.  62:492–503.

Reyne, Y., J. Nougues, and J. P. Dulor. 1989. Differentiation of rab-
bit adipocyte precursor cells in a serum-free medium.  In Vitro 
Cell. Dev. Biol.  25:747–752.

Richardson, R. L., G. J. Hausman, and J. T. Wright. 1998. Growth 
factor regulation of insulin-like growth factor (IGF) binding 
proteins (IGFBP) and preadipocyte differentiation in porcine 
stromal-vascular cell cultures.  Growth Dev. Aging  62:3–12.

Romans, J. R., R. C. Johnson, D. M. Wulf, G. W. Libal, and W. J. 
Costello. 1995. Effects of ground flaxseed in swine diets on pig 
performance and on physical and sensory characteristics and 
omega-3 fatty acid content of pork: I. Dietary level of flaxseed.  
J. Anim. Sci.  73:1982–1986.

Rosen, E. D. 2005. The transcriptional basis of adipocyte develop-
ment.  Prostaglandins Leukot. Essent. Fatty Acids  73:31–34.

Rosen, E. D., C. J. Walkey, P. Puigserver, and B. M. Spiegelman. 
2000. Transcriptional regulation of adipogenesis.  Genes Dev.  
14:1293–1307.

Rothschild, M. F., Z. L. Hu, and Z. Jiang. 2007. Advances in QTL 
mapping in pigs.  Int. J. Biol. Sci.  3:192–197.

Ruan, H., N. Hacohen, T. R. Golub, L. Van Parijs, and H. F. Lodish. 
2002. Tumor necrosis factor-alpha suppresses adipocyte-specific 
genes and activates expression of preadipocyte genes in 3T3–L1 
adipocytes: Nuclear factor-kappaB activation by TNF-alpha is 
obligatory.  Diabetes  51:1319–1336.

Rule, D. C., S. B. Smith, and J. R. Romans. 1995. Fatty acid com-
position of muscle and adipose tissue of meat animals. Pages 
144–165 in The Biology of Fat in Meat Animals: Current Ad-
vances. S. B. Smith and D. R. Smith, ed. Am. Soc. Anim. Sci., 
Savoy, IL.

Ryden, M., E. Arvidsson, L. Blomqvist, L. Perbeck, A. Dicker, and P. 
Arner. 2004. Targets for TNF-alpha-induced lipolysis in human 
adipocytes.  Biochem. Biophys. Res. Commun.  318:168–175.

Sackmann, J. R., S. K. Duckett, M. H. Gillis, C. E. Realini, A. H. 
Parks, and R. B. Eggelston. 2003. Effects of forage and sun-
flower oil levels on ruminal biohydrogenation of fatty acids and 
conjugated linoleic acid formation in beef steers fed finishing 
diets.  J. Anim. Sci.  81:3174–3181.

Sainz, R. D., and J. E. Wolff. 1990. Development of a dynamic 
mechanistic model of lamb metabolism and growth.  Anim. 
Prod.  51:535–549.

Saito, T., D. Abe, and K. Sekiya. 2008. Sakuranetin induces adipo-
genesis of 3T3–L1 cells through enhanced expression of PPAR-
gamma2.  Biochem. Biophys. Res. Commun.  372:835–839.

Biology of adipocytes and preadipocytes 1243

 at USDA ARS NAA Library on May 19, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


Sanz, M., C. J. Lopez-Bote, D. Menoyo, and J. M. Bautista. 2000. 
Abdominal fat deposition and fatty acid synthesis are lower and 
beta-oxidation is higher in broiler chickens fed diets containing 
unsaturated rather than saturated fat.  J. Nutr.  130:3034–
3037.

Sauer, S., B. M. Lange, J. Gobom, L. Nyarsik, H. Seitz, and H. 
Lehrach. 2005. Miniaturization in functional genomics and pro-
teomics.  Nat. Rev. Genet.  6:465–476.

Scanes, C. G. 2003. Adipose growth. Pages 186–213 in Biology of 
Growth of Domestic Animals. C. G. Scanes, ed. Iowa State 
Press, Ames.

Schaffler, A., and C. Buchler. 2007. Concise review: Adipose tissue-
derived stromal cells–basic and clinical implications for novel 
cell-based therapies.  Stem Cells  25:818–827.

Schenkel, F. S., S. P. Miller, X. Ye, S. S. Moore, J. D. Nkrumah, C. 
Li, J. Yu, I. B. Mandell, J. W. Wilton, and J. L. Williams. 2005. 
Association of single nucleotide polymorphisms in the leptin 
gene with carcass and meat quality traits of beef cattle.  J. 
Anim. Sci.  83:2009–2020.

Scollan, N. D., N. J. Choi, E. Kurt, A. V. Fisher, M. Enser, and J. D. 
Wood. 2001. Manipulating the fatty acid composition of muscle 
and adipose tissue in beef cattle.  Br. J. Nutr.  85:115–124.

Serrero, G., and N. Lepak. 1996. Endocrine and paracrine negative 
regulators of adipose differentiation.  Int. J. Obes. Relat. Me-
tab. Disord.  20(Suppl. 3):S58–S64.

Sherman, E. L., J. D. Nkrumah, B. M. Murdoch, C. Li, Z. Wang, 
A. Fu, and S. S. Moore. 2008. Polymorphisms and haplotypes 
in the bovine neuropeptide Y, growth hormone receptor, ghre-
lin, insulin-like growth factor 2, and uncoupling proteins 2 and 
3 genes and their associations with measures of growth, per-
formance, feed efficiency, and carcass merit in beef cattle.  J. 
Anim. Sci.  86:1–16.

Shimba, S., N. Ishii, Y. Ohta, T. Ohno, Y. Watabe, M. Hayashi, 
T. Wada, T. Aoyagi, and M. Tezuka. 2005. Brain and muscle 
Arnt-like protein-1 (BMAL1), a component of the molecular 
clock, regulates adipogenesis.  Proc. Natl. Acad. Sci. USA  
102:12071–12076.

Shimizu, M., F. Torti, and R. A. Roth. 1986. Characterization of the 
insulin and insulin-like growth factor receptors and responsitiv-
ity of a fibroblast/adipocyte cell line before and after differen-
tiation.  Biochem. Biophys. Res. Commun.  137:552–558.

Sillence, M. N. 2004. Technologies for the control of fat and lean 
deposition in livestock.  Vet. J.  167:242–257.

Sillence, M. N., and T. D. Etherton. 1987. Determination of the 
temporal relationship between porcine growth hormone, se-
rum IGF-1 and cortisol concentrations in pigs.  J. Anim. Sci.  
64:1019–1023.

Sillence, M. N., K. J. Munn, and R. G. Campbell. 2002. Manipula-
tion of growth in pigs through treatment of the neonate with 
clenbuterol and somatotropin.  J. Anim. Sci.  80:1852–1862.

Smas, C. M., L. Chen, L. Zhao, M. J. Latasa, and H. S. Sul. 1999. 
Transcriptional repression of pref-1 by glucocorticoids promotes 
3T3–L1 adipocyte differentiation.  J. Biol. Chem.  274:12632–
12641.

Smith, D. R., D. A. Knabe, and S. B. Smith. 1996. Depression of li-
pogenesis in swine adipose tissue by specific dietary fatty acids.  
J. Anim. Sci.  74:975–983.

Smith, S. B. 1995. Substrate utilization in ruminant adipose tissues. 
Pages 166–188 in The Biology of Fat in Meat Animals: Current 
Advances. S. B. Smith and D. R. Smith, ed. Am. Soc. Anim. 
Sci., Savoy, IL.

Smith, S. B., and J. D. Crouse. 1984. Relative contributions of ac-
etate, lactate and glucose to lipogenesis in bovine intramuscular 
and subcutaneous adipose tissue.  J. Nutr.  114:792–800.

Smith, S. B., K. C. Lin, J. J. Wilson, D. K. Lunt, and H. R. Cross. 
1998a. Starvation depresses acylglycerol biosynthesis in bovine 
subcutaneous but not intramuscular adipose tissue homoge-
nates.  Comp. Biochem. Physiol.  120B:165–174.

Smith, S. B., D. K. Lunt, K. Y. Chung, C. B. Choi, R. K. Tume, and 
M. Zembayash. 2006. Adiposity, fatty acid composition, and 

delta-9 desaturase activity during growth in beef cattle.  Anim. 
Sci. J.  77:478–486.

Smith, S. B., A. Yang, T. W. Larsen, and R. K. Tume. 1998b. Po-
sitional analysis of triacylglycerols from bovine adipose tissue 
lipids varying in degree of unsaturation.  Lipids  33:197–207.

Sparks, R. L., B. J. Allen, and E. E. Strauss. 1992. TGF-beta blocks 
early but not late differentiation-specific gene expression and 
morphologic differentiation of 3T3 T proadipocytes.  J. Cell. 
Physiol.  150:568–577.

Sparling, D. P., B. A. Griesel, J. Weems, and A. L. Olson. 2008. 
GLUT4 enhancer factor (GEF) interacts with MEF2A and 
HDAC5 to regulate the GLUT4 promoter in adipocytes.  J. 
Biol. Chem.  283:7429–7437.

Spicer, L. J. 2001. Leptin: A possible metabolic signal affecting re-
production.  Domest. Anim. Endocrinol.  21:251–270.

Stachowiak, M., M. Szydlowski, J. Cieslak, and M. Switonski. 2007. 
SNPs in the porcine PPARGC1a gene: Interbreed differences 
and their phenotypic effects.  Cell. Mol. Biol. Lett.  12:231–
239.

Steppan, C. M., J. Wang, E. L. Whiteman, M. J. Birnbaum, and M. 
A. Lazar. 2005. Activation of SOCS-3 by resistin.  Mol. Cell. 
Biol.  25:1569–1575.

Sturdivant, C. A., D. K. Lunt, G. C. Smith, and S. B. Smith. 1992. 
Fatty acid composition of subcutaneous and intramuscular adi-
pose tissues and M. longissimus dorsi of Wagyu cattle.  Meat 
Sci.  32:449–458.

Sul, H. S., C. Smas, B. Mei, and L. Zhou. 2000. Function of pref-1 
as an inhibitor of adipocyte differentiation.  Int. J. Obes. Relat. 
Metab. Disord.  24(Suppl. 4):S15–S19.

Suryawan, A., L. V. Swanson, and C. Y. Hu. 1997. Insulin and hy-
drocortisone, but not triiodothyronine, are required for the dif-
ferentiation of pig preadipocytes in primary culture.  J. Anim. 
Sci.  75:105–111.

Szymczyk, B., P. M. Pisulewski, W. Szczurek, and P. Hanczakowski. 
2001. Effects of conjugated linoleic acid on growth performance, 
feed conversion efficiency, and subsequent carcass quality in 
broiler chickens.  Br. J. Nutr.  85:465–473.

Tan, S. H., A. Reverter, Y. Wang, K. A. Byrne, S. M. McWilliam, 
and S. A. Lehnert. 2006. Gene expression profiling of bovine 
in vitro adipogenesis using a cDNA microarray.  Funct. Integr. 
Genomics  6:235–249.

Taniguchi, M., L. L. Guan, B. Zhang, M. V. Dodson, E. Okine, 
and S. S. Moore. 2008a. Adipogenesis of bovine perimuscular 
preadipocytes.  Biochem. Biophys. Res. Commun.  366:54–
59.

Taniguchi, M., L. L. Guan, B. Zhang, M. V. Dodson, E. Okine, 
and S. S. Moore. 2008b. Gene expression patterns of bovine 
perimuscular preadipocytes during adipogenesis.  Biochem. 
Biophys. Res. Commun.  366:346–351.

Taniguchi, M., L. L. Guan, J. A. Basarab, M. V. Dodson, and S. S. 
Moore. 2008c. Comparative analysis on gene expression profiles 
in cattle subcutaneous fat tissues. Comp. Biochem. Physiol. 
Part D Genomics Proteomics 3:251–256.

Taniguchi, M., T. Utsugi, K. Oyama, H. Mannen, M. Kobayashi, Y. 
Tanabe, A. Ogino, and S. Tsuji. 2004. Genotype of stearoyl-coA 
desaturase is associated with fatty acid composition in Japa-
nese Black cattle.  Mamm. Genome  15:142–148.

Tatsuda, K., A. Oka, E. Iwamoto, Y. Kuroda, H. Takeshita, H. 
Kataoka, and S. Kouno. 2008. Relationship of the bovine 
growth hormone gene to carcass traits in Japanese black cattle.  
J. Anim. Breed. Genet.  125:45–49.

Taylor, J. F., L. L. Coutinho, K. L. Herring, D. S. Gallagher Jr., R. 
A. Brenneman, N. Burney, J. O. Sanders, J. W. Turner, S. B. 
Smith, R. K. Miller, J. W. Savell, and S. K. Davis. 1998. Can-
didate gene analysis of GH1 for effects on growth and carcass 
composition of cattle.  Anim. Genet.  29:194–201.

Tchkonia, T., N. Giorgadze, T. Pirtskhalava, Y. Tchoukalova, I. 
Karagiannides, R. A. Forse, M. DePonte, M. Stevenson, W. 
Guo, J. Han, G. Waloga, T. L. Lash, M. D. Jensen, and J. L. 
Kirkland. 2002. Fat depot origin affects adipogenesis in primary 

Hausman et al.1244

 at USDA ARS NAA Library on May 19, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


cultured and cloned human preadipocytes.  Am. J. Physiol. 
Regul. Integr. Comp. Physiol.  282:R1286–R1296.

Tchkonia, T., N. Giorgadze, T. Pirtskhalava, T. Thomou, M. De-
Ponte, A. Koo, R. A. Forse, D. Chinnappan, C. Martin-Ruiz, 
T. von Zglinicki, and J. L. Kirkland. 2006. Fat depot-specific 
characteristics are retained in strains derived from single hu-
man preadipocytes.  Diabetes  55:2571–2578.

Tchkonia, T., M. Lenburg, T. Thomou, N. Giorgadze, G. Frampton, 
T. Pirtskhalava, A. Cartwright, M. Cartwright, J. Flanagan, I. 
Karagiannides, N. Gerry, R. A. Forse, Y. Tchoukalova, M. D. 
Jensen, C. Pothoulakis, and J. L. Kirkland. 2007. Identification 
of depot-specific human fat cell progenitors through distinct 
expression profiles and developmental gene patterns.  Am. J. 
Physiol. Endocrinol. Metab.  292:E298–E307.

Tomlinson, J. J., A. Boudreau, D. Wu, E. Atlas, and R. J. Hache. 
2006. Modulation of early human preadipocyte differentiation 
by glucocorticoids.  Endocrinology  147:5284–5293.

Tong, Q., G. Dalgin, H. Xu, C. N. Ting, J. M. Leiden, and G. S. 
Hotamisligil. 2000. Function of GATA transcription factors in 
preadipocyte-adipocyte transition.  Science  290:134–138.

Trayhurn, P. 2005. Endocrine and signalling role of adipose tissue: 
New perspectives on fat.  Acta Physiol. Scand.  184:285–293.

USDA. 1997. Official United States Standards for Grades of Carcass 
Beef. USDA, Agric. Market. Serv., Livest. Seed Div., Washing-
ton, DC.

Valente, L. M. P., N. M. Bandarra, A. C. Figueiredo-Silva, A. R. 
Cordeiro, R. M. Simoes, and M. L. Nunes. 2007a. Influence of 
conjugated linoleic acid on growth, lipid composition and he-
patic lipogenesis in juvenile European sea bass (Dicentrarchus 
labrax).  Aquaculture  267:225–235.

Valente, L. M. P., N. M. Bandarra, A. C. Figueiredo-Silva, P. Rema, 
P. Vaz-Pires, S. Martins, J. A. M. Prates, and M. L. Nunes. 
2007b. Conjugated linoleic acid in diets for large-sized rainbow 
trout (Oncorhynchus mykiss): Effects on growth, chemical com-
position and sensory attributes.  Br. J. Nutr.  97:289–297.

Van Oeckel, M. J., M. Casteels, N. Warnants, and C. V. Boucque. 
1997. Omega-3 fatty acids in pig nutrition: Implications for 
zootechnical performances, carcass and fat quality.  Arch. Tier-
ernahr.  50:31–42.

Vassaux, G., R. Negrel, G. Ailhaud, and D. Gaillard. 1994. Prolifera-
tion and differentiation of rat adipose precursor cells in chemi-
cally defined medium: Differential action of anti-adipogenic 
agents.  J. Cell. Physiol.  161:249–256.

Velmala, R., J. Vilkki, K. Elo, and A. Maki-Tanila. 1995. Casein 
haplotypes and their association with milk production traits in 
the Finnish Ayrshire cattle.  Anim. Genet.  26:419–425.

Vidal, O., L. Varona, M. A. Oliver, J. L. Noguera, A. Sanchez, and 
M. Amills. 2006. Malic enzyme 1 genotype is associated with 
backfat thickness and meat quality traits in pigs.  Anim. Genet.  
37:28–32.

Wabitsch, M., H. Hauner, E. Heinze, and W. M. Teller. 1995. The 
role of growth hormone/insulin-like growth factors in adipocyte 
differentiation.  Metabolism  44:45–49.

Wabitsch, M., E. Heinze, K. M. Debatin, and W. F. Blum. 2000. 
IGF-I and IGFBP-3 expression in cultured human preadipo-
cytes and adipocytes.  Horm. Metab. Res.  32:555–559.

Wabitsch, M., E. Heinze, H. Hauner, R. M. Shymko, W. M. Tell-
er, P. De Meyts, and M. M. Ilondo. 1996. Biological effects of 
human growth hormone in rat adipocyte precursor cells and 
newly differentiated adipocytes in primary culture.  Metabo-
lism  45:34–42.

Waldman, R. C., G. G. Suess, and V. H. Brungardt. 1968. Fatty 
acids of certain bovine tissue and their association with growth, 
carcass and palatability traits.  J. Anim. Sci.  27:632–635.

Wang, H. L., H. Wang, Z. M. Zhu, C. F. Wang, M. J. Zhu, de L. 
Mo, S. L. Yang, and K. Li. 2006a. Subcellular localization, ex-
pression patterns, SNPs and association analyses of the porcine 
HUMMLC2B gene.  Mol. Genet. Genomics  276:264–272.

Wang, H. L., Z. M. Zhu, H. Wang, S. L. Yang, S. H. Zhao, and K. 
Li. 2006b. Molecular characterization and association analysis 
of porcine CA3.  Cytogenet. Genome Res.  115:129–133.

Wang, P., E. Mariman, J. Renes, and J. Keijer. 2008a. The secretory 
function of adipocytes in the physiology of white adipose tissue.  
J. Cell. Physiol.  216:3–13.

Wang, W., Q. Meng, X. Hu, J. Fei, J. Feng, W. Liu, and N. Li. 
2008b. Chromosome location and association of haplotypes of 
insulin-like growth factor binding protein-2 with production 
performance in swine.  Biochem. Genet.  46:381–391.

Wang, X., J. Chen, H. L. Liu, Y. X. Xu, X. N. Wang, C. Y. Xue, D. 
B. Yu, and Z. Jiang. 2008c. The pig p160 co-activator family: 
Full length cDNA cloning, expression and effects on intramus-
cular fat content in Longissimus Dorsi muscle.  Domest. Anim. 
Endocrinol.  35:208–216.

Weikard, R., C. Kuhn, T. Goldammer, G. Freyer, and M. Schwerin. 
2005. The bovine PPARgammaC1A gene: Molecular charac-
terization and association of an SNP with variation of milk fat 
synthesis.  Physiol. Genomics  21:1–13.

Westerling, D. B., and H. B. Hedrick. 1979. Fatty acid composition 
of bovine lipids as influenced by diet, sex and anatomical loca-
tion and relationship to sensory characteristics . J. Anim. Sci.  
48:1343–1348.

Wibowo, T. A., J. J. Michal, and Z. Jiang. 2007. Corticotropin re-
leasing hormone is a promising candidate gene for marbling and 
subcutaneous fat depth in beef cattle.  Genome  50:939–945.

Wilson-Fritch, L., A. Burkart, G. Bell, K. Mendelson, J. Leszyk, S. 
Nicoloro, M. Czech, and S. Corvera. 2003. Mitochondrial biogen-
esis and remodeling during adipogenesis and in response to the 
insulin sensitizer rosiglitazone.  Mol. Cell. Biol.  23:1085–1094.

Wojdak-Maksymiec, K., M. Kmiec, and A. Zukiewicz. 2006. Asso-
ciations between defensin polymorphism and somatic cell count 
in milk and milk utility traits in Jersey dairy cows.  J. Vet. 
Med. A Physiol. Pathol. Clin. Med.  53:495–500.

Wood, I. A., G. Moser, D. L. Burrell, K. L. Mengersen, and D. J. 
Hetzel. 2006. A meta-analytic assessment of a thyroglobulin 
marker for marbling in beef cattle.  Genet. Sel. Evol.  38:479–
494.

Wood, J. D., and M. Enser. 1997. Factors influencing fatty acids in 
meat and the role of antioxidants in improving meat quality.  
Br. J. Nutr.  78(Suppl. 1):S49–S60.

Wood, J. D., R. I. Richardson, G. R. Nute, A. V. Fisher, M. M. Cam-
po, E. Kasapidou, P. R. Sheard, and M. Enser. 2004. Effects of 
fatty acids on meat quality: A review.  Meat Sci.  66:21–32.

Wright, J. T., and G. J. Hausman. 1995. Insulinlike growth factor-1 
(IGF-1)-induced stimulation of porcine preadipocyte replica-
tion.  In Vitro Cell. Dev. Biol. Anim.  31:404–408.

Wu, Y., and C. M. Smas. 2008. Wdnm1-like, a new adipokine with a 
role in MMP-2 activation.  Am. J. Physiol. Endocrinol. Metab.  
295:E205–E215.

Wu, Z., N. L. Bucher, and S. R. Farmer. 1996. Induction of per-
oxisome proliferator-activated receptor gamma during the con-
version of 3T3 fibroblasts into adipocytes is mediated by C/
EBPbeta, C/EBPdelta, and glucocorticoids.  Mol. Cell. Biol.  
16:4128–4136.

Wynn, R. J., Z. C. T. R. Daniel, C. L. Flux, J. Craigon, A. M. Salt-
er, and P. J. Buttery. 2006. Effect of feeding rumen-protected 
conjugated linoleic acid on carcass characteristics and fatty acid 
composition of sheep tissues.  J. Anim. Sci.  84:3440–3450.

Xiao, Q., X. L. Wu, J. J. Michal, J. J. Reeves, J. R. Busboom, G. H. 
Thorgaard, and Z. Jiang. 2006. A novel nuclear-encoded mito-
chondrial poly(A) polymerase PAPD1 is a potential candidate 
gene for the extreme obesity related phenotypes in mammals.  
Int. J. Biol. Sci.  2:171–178.

Yamauchi, T., J. Kamon, Y. Ito, A. Tsuchida, T. Yokomizo, S. Kita, 
T. Sugiyama, M. Miyagishi, K. Hara, M. Tsunoda, K. Muraka-
mi, T. Ohteki, S. Uchida, S. Takekawa, H. Waki, N. H. Tsuno, 
Y. Shibata, Y. Terauchi, P. Froguel, K. Tobe, S. Koyasu, K. 
Taira, T. Kitamura, T. Shimizu, R. Nagai, and T. Kadowaki. 
2003. Cloning of adiponectin receptors that mediate antidiabet-
ic metabolic effects.  Nature  423:762–769.

Yang, A., T. W. Larsen, S. B. Smith, and R. K. Tume. 1999. Delta9 
desaturase activity in bovine subcutaneous adipose tissue of dif-
ferent fatty acid composition.  Lipids  34:971–978.

Biology of adipocytes and preadipocytes 1245

 at USDA ARS NAA Library on May 19, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


Yang, E., H. Wang, X. X. Wu, Z. L. Tang, S. L. Yang, and K. 
Li. 2008. Sequence characterization, polymorphism, and chro-
mosomal localizations of the porcine CapZ genes.  Biochem. 
Genet.  46:18–28.

Yao, J., S. E. Aggrey, D. Zadworny, J. F. Hayes, and U. Kuhnlein. 
1996. Sequence variations in the bovine growth hormone gene 
characterized by single-strand conformation polymorphism 
(SSCP) analysis and their association with milk production 
traits in Holsteins.  Genetics  144:1809–1816.

Yu, M., B. Geiger, N. Deeb, and M. F. Rothschild. 2006. Liver X re-
ceptor alpha and beta genes have the potential role on loin lean 
and fat content in pigs.  J. Anim. Breed. Genet.  123:81–88.

Zembayashi, M., D. K. Lunt, and S. B. Smith. 1999. Dietary tea 
reduces the iron content of beef.  Meat Sci.  53:221–226.

Zeng, L., E. Rahrmann, Q. Hu, T. Lund, L. Sandquist, M. Felten, 
T. D. O’Brien, J. Zhang, and C. Verfaillie. 2006. Multipotent 

adult progenitor cells from swine bone marrow.  Stem Cells  
24:2355–2366.

Zhang, J., Q. He, Q. Y. Liu, W. Guo, X. M. Deng, W. W. Zhang, 
X. X. Hu, and N. Li. 2007. Differential gene expression profile 
in pig adipose tissue treated with/without clenbuterol.  BMC 
Genomics  8:433.

Zhang, Y., R. Proenca, M. Maffei, M. Barone, L. Leopold, and J. M. 
Friedman. 1994. Positional cloning of the mouse obese gene and 
its human homologue.  Nature  372:425–432.

Zhou, X., D. Li, J. Yin, J. Ni, B. Dong, J. Zhang, and M. Du. 2007. 
CLA differently regulates adipogenesis in stromal vascular cells 
from porcine subcutaneous adipose and skeletal muscle.  J. 
Lipid Res.  48:1701–1709.

Zinn, R. A. 1989. Influence of level and source of dietary fat on its 
comparative feeding value in finishing diets for steers: Feedlot 
cattle growth and performance.  J. Anim. Sci.  67:1029–1037.

Hausman et al.1246

 at USDA ARS NAA Library on May 19, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


 References
 http://jas.fass.org/cgi/content/full/87/4/1218#BIBL

This article cites 329 articles, 129 of which you can access for free at: 

 at USDA ARS NAA Library on May 19, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org/cgi/content/full/87/4/1218#BIBL
http://jas.fass.org



